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The  monograph  generalizes  the  main  results  of  theoretical 
and  experimental  studies  which  exwine  various  aspects  of  the 
problem  of  the  propagation  of  visible  and  infrared  waves  in 
the  atmosphere.  The  generalization  is  based  on  the  studies  made 
by  the  author  and  his  collaborators  and  other  studies  which 
were  made  both  in  the  USSR  and  abroad. 

The  first  two  parts  of  the  book  examine  problems  dealing 
with  the  absorption  and  dissipation  of  both  monochromatic  and 
nonmonochroma tic  radiation  under  various  meteorological 

conditions,  distances  and  directions  in  which  the  radiation  is 
propagated.  The  third  part  of  the  book  describes  the  laws 
which  govern  the  spatial  propagation  of  bounded  radiation  beams 
from  heat  sources  and  lasers  in  the  atmosphere:  the  structure 
of  the  beam  in  various  scattering  media,  the  effect  of  atmos¬ 
pheric  turbulence  on  the  beam  parameters  and  nonlinear  effects 
which  accompany  the  propagations  of  powerful  radiation  in  the 
atmosphere. 

The  book  was  written  for  a  wide  class  of  readers  working 
in  the  fields  of  optics  and  atmospheric  spectroscopy,  meteor¬ 
ology*  geophysics,  geodesy  and  astrophysics,  optic-electronic 
and  laser  technology,  and  also  for  advanced  students  in  the 
corresponding  specialties. 


Foreword 

The  last  few  years  have  been  characterized  by  a  substan¬ 
tial  increse  in  interest  on  behalf  of  engineers  and  scien¬ 
tists  in  the  study  of  laws  which  govern  the  propagation  of 
electromagnetic  waves  in  the  optical  range  in  the  earth's  at¬ 
mosphere.  This  interest  is  primarily  due  to  the  possibility 
of  using  optical  quantum  generators  in  communication  systems, 


information  transmission  systems,  range  and  location  finders 
and  other  devices  designed  for  work  in  the  atmosphere.  In 
addition  to  this  a  wide  class  of  meteorological,  geophysical  and 
astrophysical  problems  requires  more  and  more  precise  quan¬ 
titative  data  about  the  characteristics  of  the  propagation 
of  visible  and  infrared  radiation  in  the  atmosphere.  Such 
data  include,  above  all:  the  interpretation  of  radiation  data 
obtained  from  artificial  earth  satellite  observations  and  the 
solution  of  the  related  reverse  problemsof  satellite  meteor¬ 
ology,  the  calculation  of  radiation  heat  transfer  in  the  at¬ 
mosphere  and  the  determination  of  the  heat  balance  of  the  earth 
as  a  planet;  finding  the  radiation  term,  in  equations  which 
forecast  the  weather;  obtaining  astrophysical  observation 
data  which  are  unaffected  by  the  earth's  atmosphere,  etc. 

The  solution  of  the  above  problem  requires  the  knowledge 
of  a  large  collection  of  quantitative  data  which  character¬ 
ize  the  propagation  of  optical  radiation  in  the  atmosphere, 
when  both  the  characteristic  radiation  as  well  as  the  conditions 
under  which  it  propagates  vary  within  wide  limits.  Some  of  the 
radiation  characteristics  are:  the  width  of  the  spectral  in¬ 
terval  or  the  degree  of  monochromacity;  the  power  and  its 
variation  in  time  (continuous  and  pulse  radiation) ;  coherence; 
the  direction  and  geometric  dimensions  (from  an  infinite  wave 
to  beams  bounded  in  space  characterized  by  the  initial  diameter 
and  the  divergence  angle) ;  spatial  homogeneity  of  the  field. 

The  propagation  conditions  depend  on  instantaneous  and  mean 
temperature  values  of  the  total  and  partial  pressures  of  gas 
components  in  the  atmosphere,  the  chemical  composition,  con¬ 
centration,  the  spectral  dimensions  and  forms  of  aerosol  par¬ 
ticles  in  the  atmosphere,  i.e.,  quantities  which  have  an  ef¬ 
fect  on  the  parameters  of  the  radiation  propagating  in  the 
atmosphere . 

In  the  first  monograph  of  the  author  [l]  and  in  the  re¬ 
cently  published  monographs  of  K.  Ya.  Kondrat'ev  [2]  and  R. 

Gudi  13]  certain  aspects  of  the  interaction  between  the  op¬ 
tical  radiation  and  the  atmosphere  were  considered.  In  [l],  data  on 
the  absorption,  dissipation  and  attenuation  of  thermal 
radiation  in  the  visible  and  infrared  regions  in  the  atmosphere 
were  generalized  under  various  meteorological  conditions.  In 
[2]  problems  associated  with  heat  transfer  calculations  are 
discussed  systematically.  The  monograph  of  R.  Gudi  [3]  is 
mainly  dedicated  to  the  theory  of  heat  radiation  absorption 
by  atmospheric  gases. 

This  monograph  discusses  the  results  of  theoretical  and 
experimental  studies  of  various  aspects  of  the  problem  of  the 
propagation  of  visible  and  infrared  waves  in  the  atmosphere, 
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obtained  both  in  the  USSR  and  abroad. 

The  book  consists  of  three  Darts.  The  first  part  con¬ 
siders  absorption  problems  of  visible  and  infrared  radia¬ 
tion  from  heat  sources  and  optical  quantum  generators  by  atmos¬ 
pheric  gases  under  various  propagation  conditiohs.  The  pos¬ 
sible  variations  in- these  conditions,  the  mean  temperature, 
pressure  and  humidity  profiles,  and  the  absorbing  gas  con¬ 
centrations  in  the  atmosphere  are  described  in  Chapter  1. 

Chapter  2  is  devoted  to  the  origin  of  the  absorption  spectra 
of  atmospheric  gases  (water  vapor,  carbon  dioxide,  ozone,  nltroge* 
oxide,  carbon  monoxide,  oxygen).  In. Chaps.  3  k  4  the  results  of 
theoretical  and  experimental  studies  of  optical  radiation  ab¬ 
sorption  propagating  along  horizontal  and  slanted  directions 
under  various  conditions  in  the  atmosphere  are  analyzed. 

In  the  second  part  of  the  monograph  problems  of  aerosol 
and  molecular  scattering  of  visible  and  infrared  radiation 
from  heat  sources  and  optical  quantum  generators  under  various 
atmospheric  conditions  are  discussed.  These  conditions  are 
characterized  in  Chapter  5.  The  laws  which  describe  the  optical 
radiation  scattering  by  one  particle  are  discussed  in  Chap¬ 
ter  6.  The  results  of  theoretical  and  experimental  scattering 
studies  of  visible  and  infrared  waves  under  various  conditions 
in  the  earth's  atmosphere  are  presented  in  Chapter  7. 

The  third  part  of  the  book  discusses  systematically 
various  aspects  of  the  problem  of  the  propagation  of  spatially 
bounded  radiation  beams  from  optical  quantum  generators  and 
heat  sources  In  the  atmosphere.  The  main  radiation  parameters 
of  optical  quantum  generators  of  various  types  are  considered 
in  Chapter  8.  Chapter  9  analyzes  the  results  of  investigations 
which  study  the  structure  of  the  light  field  in  a  cross  sec¬ 
tion  of  the  beam,  which  is  propagated  through  various  scatter¬ 
ing  media.  The  nonlinear  effects  which  accompany  the  propaga¬ 
tion  of  powerful  light  radiation  in  the  atmosphere  are  dis¬ 
cussed  in  Chapter  10.  In  the  last  chapter,  Chapter  11,  the 
fluctuations  in  the  parameters  of  spatially  bounded  radiation 
beams  caused  by  turbulent  movements  in  the  atmosphere  are  dis¬ 
cussed. 

The  author  considers  it  his  pleasant  duty  to  express  his 
deep  gratitude  to  the  workers  of  the  Infrared  Radiation  Labora¬ 
tory  of  the  Siberian  Physics-Technological  Institute  at  Tomsk 
University,  B.  A.  Antipov,  P.  A.  Bokhan,  A.  G.  Borov,  E.  A. 
Vedernikov aya,  0.  K.  Voytsekhovskaya,  V.  Genin,  L.  I.  Gera¬ 
simova,  I.  I.  Ippolitov,  M.  V.  Kabanov,  G.  M.  Krekov,  P.  N. 
Kokhanenko,  M.  Ya.  Krylova,  V.  P.  Lopasov,  E.  V.  Lug in,  Yu. 

S.  Makushkin,  A.  A.  Nalivayko,  L.  I.  Nesmelova,  B.  A.  Savel'ev, 
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I.  V.  Samakhvalov  V.  A.  Sapozhnikova ,  V.  K.  Sonchik,  V.  V. 
Fomin,  S.  S.  Khmeievtsov,  N.  A.  Chernyavskaya ,  for  the  many- 
sided  help  which  he  received  during  his  work  on  the  manuscxjjtt 
of  the  book.  The  author  would  like  to  express  particularly  his 
gratitude  to  Stanislav  Dmitrievich  Tvorogov,  together  with 
whom  he  wrote  Chapters  4,  6,  10  and  paragraph  2  in  Chapter  7. 

The  author  expresses  his  gratitude  to  G.  P.  Puchkov,  S.  I. 
Sokolov  for  their  great  help  in  shaping  the  technical  form 
of  the  monograph. 

The  author  is  very  grateful  to  Professors  K.  Ya.  Kondrat'ev 
and  A.  A.  Semenov  for  the  valuable  critical  remarks  and  advice 
which  were  made  and  given  when  the  manuscript  of  the  monograph* 
was  reviewed. 


Part  1:  ABSORPTION  OF  VISIBLE  AND  INFRARED  WAVES  IN  THE 
EARTH'S  ATMOSPHERE 

1.  The  Earth's  Atmosphere  As  An  Absorbing  Medium 

The  earth's  atmosphere  is  an  absorbing  medium  which  varies 
exceptionally  in  time  and  space.  The  absorption  of  visible 
and  infrared  waves  in  the  atmosphere  depends  substantially  on 
the  pressure,  temperature  and  concentration  of  the  absorbing 
gases.  Each  of  these  quantities  varies  with  the  altitude,  in 
time,  and  in  accordance  with  the  geographical  region  within 
rather  wide  limits.  Without  knowing  the  laws  which,  govern  .tlua 
changes  of  these  elements,  it  is  not  possible  to  solve  any  pyjQfel.ein 
which  requires  quantitative  data  about  the  absorption  of  visible 
and  infrared  waves  in  the  earth's  atmosphere. 

In  this  chapter  we  will  discuss  the  laws  which  determine 
the  variation  in  pressure,  temperature  and  the  concentration 
of  the  absorbing  gases  in  the  atmosphere.  The  main  attention 
is  given  to  the  problem  of  water  vapor  distribution  in  the 
atmosphere,  since  it  is  the  main  absorbing  component.  In  ad¬ 
dition  to  this*  this  component  varies  more  than  the  other  com¬ 
ponents. 

We  will  discuss  in  great  detail  the  variations  of  all 
elements  which  interest  us  in  the  lower  30-km  layer  of  the  at¬ 
mosphere,  where  the  main  mass  of  all  gases  which  absorb  the 
radiation  in  the  visible  and  infrared  region  of  the  spectrum 
is  concentrated. 

1.  Composition  of  the  Atmosphere.  Variations  in 
Pressure  and  Temperature. 

Among  the  elements  which  have  an  effect  on  the  absorption 
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s^«h!aVJSibleiand,lnfr!red  radiati°n  in  the  atmosphere,  pres- 
h^rfiiS  thf  only  ®le«e»t  the  variation  of  which  in  time  can 
be  always  ignored  at  all  altitudes  below  30-km  in  the  lower  layer 

?Aa^nOa«50?Eher?’i.  The  vertical  pressure  profiles  for  various 

f?e  gl°be  can  also  be  considered  to  be  equal  for 
all  practical  purposes. 

..  The  atmosphere  consists  mainly  of  nitrogen,  oxygen  and  arson 
*«•  contents  of  which  is  given  in  Table  lTl?  "* 
he  table  gives,  in  addition,  data  about  other  components  of 
the  atmosphere  with  the  exception  of  water  vapor. 


TABLE  1.1 

DRY  AIR  COMPOSITION  [3] 


7  COCTil- 
V  JIHIOUIN1 
(TMOC^tpU . 

CpeAKKII  OrtWM-  | 

Hag  KOiiutiitpaiiHiJ 
a  T|K>noc$cpc,  % 

£*  npnHMlHHt 

N| 

78,084 

B  ocpxitcA  xoiiocipepe  AHCcouKHpyer; 

0, 

20,946 

tia  foaee  hh3khx  ypoatiiu  nepeMeutaH. 
JlHCCOUMMpyer  auuie  95  km;  h*  flonee 

Ar 

9,34-10-1 

HH3KHX  ypODIIBX  nepcMeiuaH. 
llepcMeuiaii  ao  110  km;  auuie— ah<|>- 

CO, 

3,3-10-* 

(fy3Homioe  pa3AeAemie. 

HcnwTwaaeT  He3nawHTexbHbie  HSHeiie- 

Ne 

1,818-10-* 

hhh;  nepeMciuaH  ao  100  km;  auuie  ahc- 
couHHpyer. 

nepcMeiuaH  ao  100  km;  autue— amp- 

He 

5,24-10-* 

(JjyaiioiiHoe  pa3AcaeHHe. 
rispeMeuiaH  ao  110  km;  auuie— ahi|>- 

ch4 

1,6-10-* 

(pyanomioe  paJAWieHHe. 

B  Tponocipepe  nepeueuiaH;  •  CTpaio- 
cipepe  oKHcaxeTca;  a  Ne30cpepe  ahc- 
COUHHpyCT. 

ricpoMemnii  ao  110  km;  auuie — ah<P- 

Kr 

1,14-10-* 

H, 

5-10-* 

4>y3HoiiHoe  pa3AWieHHe. 

B  Tponocipepe  k  CTparocipepe  nepe- 

NeO 

3,5-10-* 

Meuiau,  BUiue  AHCcoUHnpyeT. 
y  noaepXHOciK  sesum  HcnuruaaeT 

CO 

7-I0-* 

He3iiaMHTeabHbic  h3m«h«hhx;  nocTeneHHO 
AHCcoiiMiipyeT  a  cTpayoopepe  h  mcso- 
cibepe. 

HpOAyKT  OKHCACHHH,  COAepJKSHHe  H3- 

o, 

10-* 

MeilHIlBO, 

HcnuTuaaeT  CHabiiie  H3MeHemm, 

NO, 

NO 

\  or  ot? 

1  2- 10"* 

HMCeT  (pOTOXIIMHMCCKOe  tlpOHCXOJKAeHHe. 

B  Tponocipepe  imeer 'npoMUiuneHHoe 
npoHcxowAeiiHe;  a  uesoccpepe  h  hoiio- 
CfCpe  —  IpOTOXIIMHMeCKOA  llplipOAU. 

Key: 


a.  Atmospheric  components;  b. 
in  troposphere,  %;  c.  Remarks. 


Mean  volume  concentration 
(cont.  next  page) 
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Key ,  Table  1 . 1  (cont ’ d) : 
c .  Remarks 

In  the  upper  Ionosphere  dissociated;  at  lower  levels, 
mixed. 

bissoclated  above  95  km;  at  lower  levels,  mixed. 

Mixed  up  to  110  km;  above,  separated  by  diffusion. 

Mixed  in  troposphere;  •  wrtdlwefrtomtratosphere;  dis¬ 
sociated  in  mesosphere. 

Mixed  up  to  110  km;  above,  separated  by  diffusion. 

Mixed  in  troposphere  and  stratosphere;  above  dissociated. 

Undergoes  minute  changes  near  the  surface  of  the  earth; 
gradually  dissociates  in  stratosphere  and  mesosphere. 

Oxidation  product,  variable  content. 

Undergoes  drastic  changes,  has  photochemical  origin. 

Of  industrial  origin  in  the  troposphere;  in  the  mesosphere 
and  ionosphere  of  a  photochemical  nature. 


The  atmosphere  contains  also  traces  of  many  other  gases, 
which,  however,  do  not  have  an  important  effect  on  the  absorp¬ 
tion  of  visible  and  infrared  waves.  In  some  local  regions 
gases  may  be  encountered  which  absorb  the  visible  and  infra- 
red  radiation,  which  are  not  given  in  Table  1.1. 

The  average  pressure  value  on  the  scale  of  the  globe  at 
sea  level  is  equal  to  1013  mb.  This  quantity  varies  between 
the  limits  980-1040  mb  [4].  Thus,  the  deviation  from  the  mean 
pressure  value  lies  approximately  between  the  limits  +  3%. 

The  drop  in  the  pressure  as  a  function  of  altitude  (vertical 
profile)  is  sufficiently  well  described  by  the  exponential  law, 
which  is  obtained  by  solving  the  barometric  equation. 

The  numerical  values  of  the  pressure  at  various  altitudes 
in  the  lower  30-km  layer  in  accordance  with  standard  models 
of  the  atmosphere  are  given  in  supplement  1.  The  same  sup¬ 
plement  contains  data  about  the  pressure  at  altitudes  up  to  100  km. 

The  mean  vertical  temperature  profile  points  to  the  pres¬ 
ence  of  a  number  of  layers  in  the  atmosphere.  The  lowest  layer, 
in  which  the  mean  temperature  decreases  as  a  function  of 
height  is  usually  called  the  troposphere.  The  vertical  thickness 
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I-  of  this  layer  depends  on  the  width  of  the  region  and  the  time 

|  of  the  year.  In  tropical  regions  it  is  equal  to  16-18  km, 

j  in  polar  regions  to  7-10  km.  The  next  layer  of  the  atmosphere, 

j.  the  stratosphere,  extends  approximately  up  to  50  km.  This 

|  layer  is  characterized  first  by  a  slow  (approximately  up  to 

|  20  km)  and  then  a  quick  rise  in  temperature.  The  boundary  layer 

\  between  the  troposphere  and  stratosphere  in  which  the  vertical 

;  temperature  gradient  changes  sign  is  called  the  tropopause. 

[  The  temperature  reaches  its  maximum  value  on  the  upper 

boundary  of  the  stratosphere.  This  is  followed  by  the  strato- 
t  pause,  in  which  the  vertical  temperature  gradient  again  changes 

sign.  Above  50  km  is  the  atmospheric  layer  called  mesosphere 
f  which  extends  up  to  a  height  of  80-90  km.  Here  the  temperature 

drops  with. the  altitude  and  reaches  a  mean  value  which  is  approx- 
i  imately  equal  to  200°  K.  This  is  followed  by  the  mesopause, 

with  a  new  change  of  sign  in  the  temperature  gradient,  and  the 
j  thermosphere  in  which  the  temperature  rises  continuously. 

i 

Among  all  layers  of  the  atmosphere  which  were  considered, 
the  least  stable  vertical  temperature  behavior  occurs  in  the 
troposphere,  especially  in  its  lowest  level  which  is  2-3  km 
thick.  In  this  layer  inversions  are  often  observed  in  the 
vertical  temperature  movement. 

Figure  l.li [3]  shows  the  mean  vertical  cross  section  of 
the  temperature  field  in  the  lower  30-km  layer  of  the  atmosphere 
for  the  80°  meridian  longitude  west  in  the  northern  hemisphere. 
The  isotherms  in  the  diagram  are  given  in  °C.  *The  thick  lines 
show  the  boundaries  of  the  layers  in  which  temperature  inversion 
is  observed  and  the  levels  with  sharp  vertical  temperature 
gradient  changes. 

The  mean  vertical  temperature  profile  adopted  in  standard 
models  of  the  atmosphere  for  various  altitudes  from  0  to  30  km 
are  given  in  supplement  1.  The  same  supplement  contains  data 
about  the  mean  temperature  for  altitudes  from  25  to  100  km. 


2.  Distribution  of-  Water  Vapor  Ip  The  Atmosphere 

To  characterize  air  humidity  ,the  following  concepts  are 
usually  introduced:  1)  the  absolute  humidity  a,  measured  in 
grams  per  cubic  meter;  2)  the  water  vapor  elasticity  e  or  its 
partial  pressure,  expressed  in  millimeters  mercury  or  in  milli¬ 
bars;  3)  the  relative  humidity  r,  the  ratio  of  water  vapor 
elasticity  contained  in  the  air  to  the  saturated  vapor  pres¬ 
sure  E  at  a  given  temperature,  measured  as  a  percentage;  4) 
specific  humidity  q,  the  amount  of  the  water  vapor  per  unit  mass 
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Fig.  1.1. 


cou,rse  of  mean  isotherms  in  the  at¬ 
mosphere  along  the  80°  meridian,  longitude 
west  at  altitudes  from  0  to  30  km 


Key:  a.  January 

b.  Height,  km 

c.  Polar  ip-  >rsion 

d.  July 

©.  Height,  km 
f.  Width 
8*  April 

h*  Polar  inversion 
i «  October 
j .  Polar  inversion 
k  Width 
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of  moist  air;  5)  the  mixture  ratio  6,  the  amount  of  water  vapor 
per  unit  mass  of  dry  air;  6)  the  settled  layer  of  water  u v 
characterizes  the  thickness  of  the  water  layer  obtained  when 
the  water  vapor  is  completely  condensed  in  a  given  layer  of  the 
atmosphere;  7)  the  humidity  shortage  d,  the  difference  between 
the  maximum  and  actual  elasticity  of  the  water  vapor  at  a 
given  temperature  and  pressure;  8)  the  dew  point  t,  the  air 
temperature  cooled  to  the  state  when  the  water  vapor  in  it  is 
saturated. 

The  humidity  characteristics  are  related  to  one  another 
by  the  relations  [4,  5]: 


a  =  2\7j-  [m6\  »  289,4  y  1  mm  pg.  cm.)-, 

(1.1) 

1 — r+«  0,622  p-d.ns*  ' 

(1.2) 

«“  1^=0.622^1 

r=*,j,,I00?4i  d~E—e\ 

(1.3) 

Key: 

a.  mb 

b.  mm  Hg. 

where  T  is  the  absolute  temperature,  P  is  air  pressure  measured 
in  the  same  units  as  e,  -  4.58  mm  Hg/cm  -  6.11  mb;  t  is 

measured  in  °C;  b  and  c  are  equal  to  7.5  and  237.3  for  air,  and 
9.5  and  265.5  for  ice. 

Since  in  the  atmosphere  v  and  we  obtain 

from  0. .  2)  '  * 

622  • 


The  amount  of  the  settled  water  layer  u>'  per  1  km  is  re¬ 
lated  to  the  absolute  humidity  expressed  in  grams  per  cubic 
meter,  by  the  simple  relation 


0)'  =  IQe. 


(1.4) 


The  concept  of  a  settled  water  layer  is  widely  used  in  the 
study  of  radiation  absorption  by  water  vapors. 

Table  1.2  gives  the  values  of  E,  a,  q  and  6  for  P-  1000  mb 
(the  atmospheric  layer  near  the  surface  of  the  earth)  and  various 
temperatures . 


TABLE  1.2 

THE  ELASTICITY  VALUES  OF  SATURATED  WATER  VAPOR  E  ABOVE 
A  PLANE  SURFACE  OF  CLEAN  WATER,  THE  ABSOLUTE  HUMIDITY 
VALUES  a,  SPECIFIC  HUMIDITY  VALUES  q,  THE  MIXTURE 
RATIO  6  AT  A  PRESSURE  OF  P  -  1000  mb  AND  VAR¬ 
IOUS  TEMPERATURES 


t,  *c 

*% 

I 

6 

a,  r/M* 

e. 

«. »/« 

J 

t,  t/Kt 

-20 

1,254 

1,073 

0,780 

0,781 

-10 

2,863 

2,357 

1,782 

1,786 

0 

6,108 

4,845 

3,808 

3,822 

to 

12,270 

9,39 

7,67 

7,73 

20 

23,37 

17,27 

14.67 

14,89 

30 

42,43 

30,33 

26,82 

27,56 

40 

73,78 

65,30 

47.20 

49,54 

50 

■ 

123,40 

82,76 

80,51 

87,56 

Key:  a.  mb 

b.  g/m3 

c.  g/kg 

d.  g/kg 


The  water  vapor  concentration  varies  very  much  in  time 
and  space.  It  can  be  said  that  each  concrete  measurement  of 
the  vertical  humidity  profile  is  not  reproducible.  This  can 
be  said  in  spite  of  the  fact  that  the  mean  statistical  hori¬ 
zontal  and  vertical  profile  picture  is  known  with  sufficient 
detail  in  the  troposphere  region  at  the  present  time. 

The  mean  distribution  of  the  water  vapor  concentration 
along  the  altitude  in  the  troposphere  is  described  by  a  simple 
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exponential  law  [5]: 


e(*)~e(0)e-«  (1.5) 


where  e(z)  and  e(0)  are  the  elasticities  of  the  water  vapor  at 
altitude  z  and  on  the  surface  of  the  earth  respectively,  and 
a  is  an  empirical  constant. 

The  water  vapor  concentration  in  the  layer  of  the  atmosphere 
near  the  surface  of  the  earth  can  vary,  depending  dn  the  time 
and  the  location,  approximately  from  0  to  7%. 

Humidity  measurements  in  the  stratosphere  are  connected 
with  great  difficulties.  Therefore,  more  or  less  essential 
results  have  only  been  obtained  in  the  last  few  years.  These 
results  have  been  generalized  by  Gutnik  [6],  who  constructed 
the  mean  vertical  specific  humidity  profile  (Fig.  1.2),  and 
in  the  surveys  of  M.  S.  Malkevich,  Yu.  B.  Samsonov,  L.  I. 

Koprova  [7],  Houton  [8]  and  V.  S.  Komarov's  article  [13 ] . 


H,km 

b 

it 
it 
« 

w 

I 
l 

Ofif  V  K0tiiha. 


Fig.  1.2.  Kean  vertical  specific  humidity  pro¬ 
file  according  to  the  data  of  Gutnik 
16). 


Key:  a.  g/kg 
b.  H,.  km 


An  analysis  of  the  available  data  led  the  authors  to  con¬ 
clude  that  there  are  two  types  of  vertical  water  vapor  distri¬ 
butions  in  the  stratosphere.  The  first  type  is  characterized 
by  a  sharp  drop  in  the  water  vapor  concentration  to  very  small 
specific  humidity  values  on  the  order  of  10"3-10_a  g/kg  in  the 
lower  layers  of  the  stratosphere  (to  16  km) .  Above  this  layer 
the  concentration  rises  and  reaches  a  maximum  (for  which  data 
is  available)  value  at  an  altitude  of  31  km,  which  is  1-2  orders 
larger  than  at  the  16  km  level.  The  second  type  of  water  vapor 
distribution  which  varies  with  height  is  characterized  by  the 
constant  value  of  the  specific  humidity  from  a  certain  altitude 
onward  in  the  stratosphere.  The  relation  between  the  specific 
humidity  and  the  altitude  can  be  written  in  both  cakes  as  follows: 


/  <7oC“a**.  0<2<2|, 

q  w  *  \  2,<2< * J£r. 


(1.6) 


Key:  a.  max 


From  (1.6)  it  is  seen  that  when  the  second  type  of 
humidity  distribution  is  described  by  the  altitude,  the  param 
eter  must  be  set  equal  to  zero. 

Table  1.3  gives  the  values  of  the  parameters  in  (1.6) 
which  were  obtained  by  analyzing  the  measurement  results  of 
various  authors. 


TABLE  1.3 

VALUES  OF  THE  SPECIFIC  HUMIDITY  qQ  AMD  qx  AND  THE  PA 
RAMETERS  aQ  AND  IN  FORMULAS  (1.6)  ACCORDING  TO 
THE  DATA  FROM  ARTICLE  [7] 


cu 

ft,  «/*« 

- J— 

Of, 

C 

ft.  f/M 
• 

- J- 

«i.  **-« 

- 7~ 

n.  ** 

12,2 

0,52 

0,012 

0,08 

12 

11,5 

0,49 

0,006 

0,23  . 

14 

1,6 

0,43 

0,05 

0 

8 

6,1 

0,42 

0,01 

0,27 

15 

17,5 

0,56 

0,04 

0 

10 

■  3,6 

0,51 

0,002  ' 

0,18 

14 

5,7  ' 

0,48 

0,002 

0,24 

16 

2,6 

„  0,55 

0,002 

0,31 

16 

g/kg  b.  km-1  c.  g/kg  d.  km 


Key: 


a. 


The  two  types  of  specific  humidity  distributions  in  the 
atmosphere  which  were  described  are  called  in  the  Foreign 
Literature  the  "humid"  and  "dry"  models  of  the  stratosphere 
llO).  Both  Models  presuppose  an  equal  distribution  of  water 
vapors  with  altitudes  up  to  the  tropopausq  level.  '  Because  of  this 
the  differences  in  these  models  are  not  important  in  infrared 
radiation  calculations  over  layers  of  the  atmosphere  which  in¬ 
clude  its  lower  layers.  These  differences  may  become  important 
when  radiation  absorption  is  calculated  in  the  upper  atmos¬ 
phere. 

The  controversy  between  the  proponents  of  the  dry  and 
humid  stratosphere  models  has  continued  until  now,  since  more 
recent  publications  keep  appearing  in  which  reports  are  made 
about  measurements  confirming  in  some  cases  one  hypothesis  and 
in  other  cases  the  other  hypothesis. 

From  our  point  of  view  the  aforementioned  controversy  can¬ 
not  be  solved  only  by  analyzing  the  results  of  individual 
measurements.  What  is  needed  is  *  statistical  treatment  of 
systematic  measurements  of  the  vertical  distribution  of  the 
water  vapor  concentration.  This  approach  has  been  used  in  the 
studies  L9,  11-13],  the  main  results  of  which  are  discussed 
below . 


1.  Mean  Vertical  Specific  Humidity  Profile 

,  When  the  mean  vertical  specific  humidity  profile  is  ob¬ 

tained  in  the  winter  and  summer  periods  for  the  measured  lati¬ 
tudes,  the  mean  temperature  and  relative  humidity  values  on 
the  main  isobar  surfaces  obtained  by  95  aerological  stations 
in  the  Soviet  Union  with  the  aid  of  an  A-22  radiosonde  art 
used.  The  mean  values  of  the  aforementioned  meteoelements 
were  calculated  from  280-307  two-period  observations  in 
the  400-100  mb  layer,  and  from  20-100  observations  at  the  levtirs 
50,  30,  20  and  10  mb.  In  the  last  case  data  was  used  which  w ov 
obtained  in  the  MGSS  (Internation  Year  of  the  Quiet  Sun). 
Corrections  were  added  to  the  mean  specific  humidity  value 
to  compensate  for  the  systematic  measurement  error  due  to 
the  inertia  of  the  radiosonde  pickup. 

Figure  1.3  gives  the  mean  vertical  specific  humidity  pro¬ 
files  for  January  and  June,  and  also  the  Gutnik  profile.  It 
can  be  seen  from  the  figure  that  in  the  upper  troposphere  the 
specific  humidity  drops  sharply  with  the  altitude  in 
all  cases.  Qualitatively  the  profile  trace  in  Fig.  1.3  is 
approximately  analogous  to  the  Gutnik  profile  trace.  Howdver, 
the  absolute  specific  humidity  values  at  various  altitudes  differ 
considerably.  The  mid-January  and  mid-June  specific  humidity 
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profiles  for  the  measured  latitudes  above  the  territories  of 
the  USSR  extend  further  to  the  right  than  the  Gutnik  profile. 
Also  the  profiles  for  individual  regions  lie  both  to  the  right 
and  to  the  left  of  the  Gutnik  profile. 

Table  1.4  gives  the  mid-month  specific  humidity  values 
near  the  surface  of  the  earth  and  on  various  isobar  surfaces 
for  January  and  June  in  the  Baltic  region,  Central  Asia  and 
lastern  Siberia,  which  were  determined  from  various  observations 
at  the  Riga,  Tashkent  and  Irkutsk  stations. 


TABLX  1.4 

MEAN  SPECIFIC  HUMIDITY  IN  JANUARY  AND  JUNE  FOR  THE  RIGA, 
TASHKENT  AND  IRKUTSK  STATION  FROM  THE  DATA  [9], 

g/kg 


Hso&pM- 

MCCKSS 

notepx- 

IIOCTb,  m6 

Ct.  Pnr«  b 

Ct.  TtiUKetff' 

Ct.  MpKyrcK  J 

IKI0p^ 

mtsapb 

HtOflb 

f 

iiiitagb 

2,30 

8,70 

2,78 

7,80 

1,62 

9,40 

900 

2,00 

6,50 

2,30 

5,50 

1,10 

8,40 

850 

1,75 

5,50 

2,10 

4,70 

0,90 

6,90 

700 

0,88 

3,20 

1,42 

3,60 

0,60 

4,50 

600 

0,53 

2,00 

0,86 

2,50 

0,35 

3,00 

500 

0,33 

1,15 

0,53 

1,60 

0,25 

1,90 

400 

0,10 

0,28 

0,‘l6 

0,60 

0,07 

0,68 

300 

0,03 

0,11 

0,04 

0,17 

0,031 

0,20 

200 

0,020 

0,07 

0,03 

0,06 

0,024 

0,048 

150 

0,029 

0,08 

0,04 

0,024 

0.041 

0,061 

100 

0,036 

0,09 

0,05 

0,011 

0,068 

0,088 

50 

0,048 

0,16 

0,06 

0,037 

0,130 

0,14 

30 

0,053 

0,31 

0,12 

0,12 

0,245 

0,30 

20 

0,070 

0,59 

0,20 

0,25 

0,36 

0,49 

10 

0,180 

1,50 

0,65 

1,20 

0,85 

1,50 

Key:  a.  Isobar  surface,  mb 

b.  Riga  station 

c.  Tashkent  station 

d.  Irkutsk  station 

e.  January 

f.  July 
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The  statistical  treatment  is  based  on  data  obtained  as  a 
result  of  probing  the  atmosphere  four  times  daily  at  the  afore¬ 
mentioned  stations  near  the  surface  of  the  earth  and  on  the  iso 
bar  surfaces  from  900  to  100  mb  in  January  and  June  over  the 
period  from  1961  to  1966.  For  the  levels  from  50  to  10  mb  data 
was  used  obtained  in  the  IfGSS  (International  Year  of  the  Quiet 
Sun) ,  (1964-1965) .  At  the  levels  from  the  surface  of  the  earth 
to  100  mb,  each  station  in  January  and  June  had  560  to  740  ob¬ 
servations  and,  on  the  levels  from  50  to  10  mb,  30-150  observa¬ 
tions  in  January  and  50-15  observations  in  June. 

The  minimum  mean  specific  humidity  values  are  underlined 
in  each  column  of  Table  1.4.  We  note  that  the  data  in  Table 
1.4  do  not  contain  corrections  for  the  systematic  measurement 
error  which  is  due  to  the  inertia  of  the  radiosonde. 


Fig.  1.3.  Mean  vertical  specific  humidity  pro¬ 
file  for  the  measured  latitudes  USSR 

( - ) ;  for  the  stations  Barentsburg 

( - ) ,  Ashkhabad  (—.—),—. - , 

Gutnik  profile. 

Thick  lines  denote  January  profiles, 
thin  lines  June  profiles. 

Key:  a.  km 

b.  g/kg 
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Fig.  1.4.  Mid-month  vertical  specific  humidity 

profiles  for  the  stations  Riga  ( - ) , 

Tashkent  ( - ),  Irkutsk  (-  .  -)  ac¬ 

cording  to  V.  S.  Komarov's  data  [9], 

Thick  lines  denote  January  profiles, 
thin  lines  July  profiles. 


Table  1.5  gives  the  mean  vertical  specific  humidity  gra¬ 
dients  calculated  from  the  data  in  Table  1.4. 

The  mean  vertical  specific  humidity  profiles  for  the  three 
stations  considered  are  plotted  in  Fig.  1.4,  The  specific 
features  of  the  behavior  of  individual  profiles  can  be  clearly 
seen  from  Table  1.4  and  Fig.  1.4. 

The  fastest  drop  in  specific  humidity  with  altitude  occurs, 
as  is  seen  from  Table  1.4,  in  the  lower  part  of  the  troposphere 
up  to  the  600  mb  level  (the  altitude  interval  0-4  km). 

The  minimum  mid-month  specific  humidity  value  is  observed, 
for  all  three  stations  near  the  tropopause,  approximately  0.5-1 
km  above  the  minimum  temperature  level. 

An  analysis  of  the  individual  observations  for  any  station 
shows  the  presence  of  pronounced  scatter  in  the  vertical 
specific  humidity  profiles.  All  profiles  can  be  classified 
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TABLE  1.5 


MEAN  VERTICAL  SPECIFIC  HUMIDITY  GRADIENTS  FOR  THE  RIGA, 
v'  TASHKENT  AND  IRKUTSK  STATIONS,  g/kg/100  m 


‘  Cr.  Par*  J  "  Ct.  Tmikhit  C  Cr.  UrsyKit 

C*#*’  *iisi|ibg|  HKWikfi  mmp.gj  mw 


0-900 

900-860 

860-700 

700-600 

600—600 

800-400 

400-300 

300-200 

200-150 

160-100 

liiv—50 

60-30 

"So— 20 
20-10 


0,03 

0,05 

0,07 

0,04 

0,02 

0,02 

0,004 

0,0003 

-0,0005 

-0,0002 

-0,0003 

-0,0002 

-0,0008 

-0,0027 


0,22 

0,20 

0,15 

0,12 

0,09 

0,04 

0,009 

0,0013 

-0,0005 

-0,0003 

-0,0018 

-0,0050 

-0,0140 

-0,0180 


0,05 

0,04 

0,05 

0,06 

0,03 

0,02 

0,006 

0,0003 

0,0005 

-0,0003 

-0,0002 

-0,0020 

-0,0040 

1-0,0110 


0,23 
0,16 
0,07 
0,11 
0,09 
'0,05 
0,021 
0,0036 
0,0018 
.  0,0004 
-0,0006 
-0,0028 
-0,0065 
1-0,0190 


0,05 

0,04 

0,02 

0,03 

0,01 

0,01 

0,002 

0,0002 

-0,0008 

-0,0009 

-0,0013 

-0,0038 

-0,0058 

-0,0120 


0,10 

0,30 

0,25 

0,15 

0,11 

0,06 

0,024 

0,005 

-0,0006 

-0,0009 

-0,0010 

-0,0053 

-0,0095 

-0,0202 


Key:  a.  Layer,  mb 

b.  Riga  station 

c.  Tashkent  station 

d.  Irkutsk  station 

e.  January 

f.  July 


into  three  types.  In  the  first  type  we  include  profiles  with 
a  considerable  rise  in  the  specific  humidity  from  an  altitude  above 
the  tropopause  level  with  a  sufficiently  large  humidity  con¬ 
tent  in  the  mid-stratosphere  (on  the  order  of  0.1-0. 5  g/kg) . 

The  second  type  is  characterized  by, a  constant  specific  humidity 
value  at  various  altitudes  in  the  stratosphere  when  the  humidity 
content  in  the  entire  stratosphere  layer  is  small  (on  the  order 
of  0.01-0.02  g/kg).  Finally,  the  third  type. includes  profiles 
in  which  the  specific  humidity  drops  slowly  with  altitude  in 
the  stratosphere,  when  the  humidity  content  in  the  mid-strato» 
sphere  is  low  (on  the  order  of  0.01-0.02  g/kg).  Figure  1.5 
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Fig.  1.5.  Examples  of  various  types  of  vertical 
specific  humidity  profiles  obtained 
in  Irkutsk  28.7.64  ( — ),  Tashkent 
7.7.63  ( - )  and  Riga  5.1.66 


Thus  in  each  concrete  observation  the  stratosphere  can  be 
either  "humid"  or  "dry."  However,  the  mean  statistical  verti¬ 
cal  specific  humidity  profile  shows  that  this  quantity  in¬ 
creases  considerably  with  altitude  in  the  stx’atosphere  for  all 
stations,  both  in  January  and  in  July.  To  explain  this  fact 
we  must  answer  the  question:  Where  does  the  considerable 
amount  of  moisture  come  from  in  the  upper  layers  of  the  strato¬ 
sphere? 


2.  Transfer  of  Water  Vapors  from  the  Troposphere  into 
the  Stratosphere 

One  answer  to  the  question  posed  was  given  by  V.  S. 

Komarov  [l3]vwho  studied  the  vertical  water  vapor  transfer  from 
the  troposphere  into  the  stratosphere.  The  study  was  based  on 
a  statistical  analysis  of  radiosonde  observations  data  obtained 
at  twelve  stations  in  the  Soviet  Union  which  cover  more  or  less 
uniformly  the  entire  territory  of  the  country.  Only  those  radio¬ 
sonde  levels  were  considered  in  which  the  data  about  the  humidity, 
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velocity  and  direction  of  the  wind  were  obtained  for  all  isobar 
surfaces.  The  analysis  used  the  corresponding  data  for  9 
standard  levels:  400,  300,  200,  150,  100,  50,  30,  20  and  10 
mb  for  the  MGSS  (International  Year  of  the  Quiet  Sun) ,  (1964- 
1965) .  As  a  result  of  the  study  data  was  obtainod  about  the 
reproducibility  of  vertical  movement  directions,  which  charac 
terize  the  frequency  with  which  ascending  air  currents  pierce 
the  tropopause. 

An  analysis  of  the  results  obtained  shows  that  the  repeat¬ 
ability  of  vertical  air  movements  in  the  tropopause  region  for 
9  stations  out  of  12  is  in  January  52-67%,  and  in  July  for  10 
stations  out  of  12  is  52-64%.  For  three  stations  in  the  winter 
and  for  two  stations  in  the  summer,  descending  air  movements 
are  dominant  in  the  tropopause  region  with  a  repeatability  from 
52  to  60%. 

Table  1.6  gives  the  mean  repeatability  of  upward  and  down¬ 
ward  vertical  air  movements  for  medium  latitudes  on  the  ter¬ 
ritory  of  the  USSR  for  January  and  July  for  various  layers  of 
the  atmosphere  on  clear  and  cloudy  days.  The  table  is  com¬ 
piled  for  a  number  of  cases  n^30. 

It  can  be  seen  from  Table  1.6,  that  the  repeatability  of 
ascending  and  descending  flows  depends  to  a  very  large  extent 
on  the  cloudiness  in  the  atmosphere.  When  there  are  clouds, 
the  repeatability  of  ascending  air  movements  is  dominant  both 
in  winter  and  in  summer  in  the  entire  troposphere  and  up  to 
the  100  mb  level  in  the  stratosphere.  In  the  summer  when  the 
weather  is  cloudy,  the  ascending  air  flows  dominate  the  descend¬ 
ing  air  flows  both  in  the  troposphere  and  in  the  stratosphere 
up  to  the  maximum  radio  probing  height.  These  flows  humidify 
the  stratosphere.  Thus,  on  clear  days  the  stratosphere  should 
be  drier,  and  conversely,  on  cloudy  days  it  should  more  humid. 
This  conclusion  agrees  with  the  mean  vertical  specific  humidity 
profiles  of  the  stratosphere  which  are  obtained  on  clear  and 
cloudy  days. 

3.  Variability  of  the  Humidity  Field  at  Various  Altitudes 
in  the  Atmosphere 

The  humidity  field  changes  considerably  both  in  the 
troposphere  and  atmosphere,  depending  on  the  time  and  physical- 
geographical  region.  Therefore,  together  with  the  mean  sta¬ 
tistical  vertical  humidity  profiles  it  is  also  important  that 
we  have  information  about  the  corresponding  confidence  inter¬ 
vals.  The  necessary  calculations  were  made  for  four  stations 
situated  in  various  climatic  regions  of  the  USSR.  The  calcula¬ 
tions  were  based  on  the  treatment  of  data  obtained  from  radio 
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probes  over  a  protracted  period  at  the  levels  from  100  mb.  and 
for  the  MGSS  (International  Year  of  the  Quiet  Sun)  at  the  levels 
from  50  to  10  mb. 
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TABLE  1.6 


OF  ascending  and  descending  vertical 

AIR  MOVEMENTS  IN  VARIOUS  LAYERS  OF  THE  ATMOSPHERE 
FOR  MEDIUM  LATITUDES  ON  THE  TERRITORY  OF  THE 
USSR  [13] 
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Key: 


a.  layer,  mb 

b.  January 

c.  July 

d.  clear 

e.  clouds 

f .  mean 

g.  ascending,  descending 
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Figures  1.6-1.13  give  the  mid-month  vertical  specific 
humidity  profiles  for  January  and  July  and  the  confidence  in¬ 
tervals.  The  latter  characterize  the  number  of  cases  in  which 
the  profiles  which  were  obtained  will  fall  within  the  given 
intervals.  The  specific  humidity  can  vary  in  very  short  time 
intervals.  These  variations  are  due  to  the  fluctuations  in  the 
water -vapor  content  which  can  cause  corresponding  fluctuations 
in  the  light  beam  which  is  propagated  through  the  atmosphere 
[14].  At  the  present  time  the  problem  of  humidity  fluctuations 
is  only  in  the  initial  stages  of  study. 

4.  The  Total  Contents  of  Water  Vapors  in  Various  Layers 
of  the  Atmosphere 

From  the  data  about  the  mean  vertical  specific  humidity 
profile  one  can  easily  obtain  the  total  water  vapor  content 
in  various  layers  of  the  atmosphere  both  in  the  vertical  and 
the  horizontal  directions,  (Table  1.7,  1.8). 

It  is  very  important  that  we  know  the  settled  water  layer 
between  two  points  in  the  atmosphere  in  order  to  be  able  to 
solve  problems  connected  with  calculating  the  visible  and  in¬ 
frared  radiation  in  the  atmosphere.  For  this  purpose  we  will 
note  a  method  for  finding  this  quantity  between  any  two  points 
in  the  atmosphere  which  takes  into  account  the  earth's  curva¬ 
ture  and  refraction  when  the  vertical  distribution  of  the  gas 
concentration  is  assumed  to  be  known.  This  method  was  proposed 
in  article  [15 ] .  The  mass  of  the  absorbing  gas  in  [15]  is  de¬ 
termined  from  the  formula 


(D.-=C0n/(Z,)-0>„/(2j), 


(1.7) 


where  u>  and  iu  are  the  mass  of  the  absorbing  gas  in  the 
Z1  z2 

vertical  column  of  the  atmosphere  from  the  altitudes  z^  and  Zg  tb 
».  For  the  function  f(z)  the  approximate  expression 


/  (z)  =  (cos  z  +  Ae-W  co*  *)■*, 


(1.8) 


proposed  by  G.  V.v Rosenberg  [16]  is  used,  where  m  and  k  are 
constant  coefficients. 
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Fig.  1.6.  Mean  vertical  specific  humidity  pro¬ 
file  in  January  for  the  Station 
Voeykovo  and  confidence  intervals 
(50,  90  and  97.5%) 

Key:  a.  km 

b.  g/kg 


Fig.  1.7.  Mean  vertical  specific  humidity  pro¬ 
file  in  July  for  the  Station  Voeykovo 
and  confidence  intervals  (50,  90  and 
97.5%) 

Key:  a.  km 

b.  g/kg 
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Fig.  1.11.  Mean  vertical  specific  humidity  profile  in 

July  for  the  Murmansk  Station  and  confidence 
intervals  (50,  90  and  97.5%) 

Key;  a,  km;  b.  g/kg 


Fig.  1.12.  Mean  vertical  specific' humidity  profile  in 
January  for  the  Nagaevo  Station  and  confi» 
dence  intervals  (SO,  '90  and  97.5%). 

Key:  a.  km;  b.  g/kg 


Fig.  1  .13.  Mean  vertical  specific  humidity  profile  in 
July  for  the  Nagaevo  Station  and  confidence 
intervals  (50,  90  and  97.5%). 

Key:  a.  km;  b.  g/kg 


TABLE  1.7 


MID-MONTH  SETTLED  WATER  VALUES  IN  CM -KM-1  IN  LAYERS  AT 
VARIOUS  HEIGHTS  FOR  THREE  STATIONS  IN  JANUARY 
AND  JUNE  [13] 


Os 

Oioft,  *6 

Ct.  Pnr* 

Ct.  T«ujkciit  ^ 

Ct.  MpKyrcK  Q 

Minapi»£ 

HKWlb  t 

Miioapi^ 

MHBapi£ 

3«Sw-850 

0,2070 

Si 

0,7240 

0,2490 

0,6380 

0,1290 

0,8340 

850-700 

0,1340 

0,4440 

0,1790 

0,4230 

0,0770 

0,5800 

700-500 

0,0620 

0,2230 

0,1000 

0,1300 

0,0430 

0,3270 

500-400 

0,0110 

0,0370 

0,0180 

0,0560 

0,0560 

0,0660 

400-300 

0,0030 

0,0102 

0,0051 

0,0200 

0,0024 

0,0250 

300-200 

0,0013 

0,0046 

0,0018 

0,0060 

0,0017 

0,0063 

200-150 

0,0007 

0,0020 

0,0009 

0,0010 

0,0010 

0,0014 

150-100 

0,0006 

0,0014 

0,0008 

0,0003 

0,0013 

0,0013 

100-50 

0,0001 

0,0012 

0,0001 

0,0003 

0,0019 

0,0013 

50-30 

0,0004 

0,0016 

0,0006 

0,0005 

0,0017 

0,0015 

30-20 

0,0001 

0,0015 

0.0005 

0,0006 

0,0011 

0,0014 

20-10 

0.0003 

0,0027 

0,0011 

0,0010 

0,0016 

0,0026 

Key:  a.  Layer,  mb 

b.  Riga  Station 

c.  Tashkent  Station 

d.  Irkutsk  Station 

e.  January 

f.  July 

g.  Earth 


5.  A  Comparison  of  the  Available  Data  About  Specific 
Humidity  in  the  Stratosphere 

An  analysis  of  the  available  data  about  the  specific  humid¬ 
ity  in  the  stratosphere  points  to  the  considerable  scatter  in 
the  quantitative  values  of  this  magnitude  which  were  obtained 
by  various  authors.  Thus,  the  mid-year  Gutnik  profile  [6]  and 
the  mid-month  prof lies,  which  were  constructed  by  V.  S.  Komarov 
[12 ] ,  differ  to  a  considerable  extent  from  the  prof  lies  obtained 
by  many  investigators  in  individual  measurements,  including 
those  made  in  the  last  few  years.  Thus,  in  Hou ton's  survey 
[8],  many  concrete  humidity  measurements  in  the  stratosphere 
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are  studied,  on  the  basis  of  which  the  author  concludes  that 
the  mixture  ratio  is  constant  within  the  limits  1-4»10~3  g/kg, 
which  would  favor  a  dry  stratosphere.  The  minimum  specific 
humility  value  on  the  basis  of  Gutnik’s  model  at  the  tropo- 
pause  level  is  equal  to  9 *10' 3  g/kg;  according  to  the  mid- 
January  and  mid-June  V.  S.  Komarov  profile  it  is  even  greater. 
Above  the  tropopause  level,  the  specific  humidity  increases 
with  altitude  rather  substantially  both  in  the  Gutnik  and  V, 

S.  Komarov  profiles.  We  note  that  the  humidity  measurements 
which  were  made  recently  in  the  mesosphere  at  an  altitude  of 
70-80  km,  show  a  considerabl  moisture  content  at  these  altitudes 
l 17].  The  value  which  the  authors  [17]  obtained  for  the 
specific  humidity  was  1.7  g/kg.  The  presence  of  nacreous  and 
noctilucent  clouds  also  point  in  favor  of  a  humid  stratosphere. 


TABLE  1.8 


MIDMONTH  VALUES  OF  SETTLED  WATER  IN  VARIOUS  LAYERS  OF  THE 
ATMOSPHERE  IN  THE  VERTICAL  DIRECTION  [13]  FOR  THREE  STATIONS 
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93,5 
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200-10 
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1.0 
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0,034 

0,010 

1,2 

0,012 

0,5 

! 

0,028 

6,5 

0,061 

2,0 

♦These  values  were  calculated  relative  to  the  settled  water 
layer  earth  1  -  10  mb 
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I  Nevertheless,  at  the  present  time  it  is  still  not  possible 

I  to  give  an  unequivocal  answer  to  the  question  why  there  are 
|  such  considerable  discrepancies  in  the  specific  humidity  data 
t  obtained  by  various  authors.  It  seems  to  us  that  to  answer 

I  the  question  first  of  all  the  measurement  errors  which  occur 

|  when  various  instruments  and  methods  are  used  must  be  deter- 

f  mined  with  high  reliability.  Above  all,  it  is  necessary  to 

I  solve  the  problem  of  errors  which  occur  when  the  humidity  is 
j  determined  with  the  aid  of  the  mass  radiosonding  measurement 
method,  since  for  the  time  being  only  this  method  gives  a 
!  sufficient  amount  of  data  which  is  necessary  for  a  statisti- 
!  cally  reliable  analysis. 


3-.  Distribution  of  Ozone  in  the  Atmosphere 

Because  of  the  considerable  effects  of  ozone  on  the  radia¬ 
tion  processes  which  take  place  in  the  atmosphere,  many  papers 
have  been  devoted  to  its  study,  a  survey  and  bibliographies  of 
which  can  be  found  in  monographs  and  collected  articles  [18-21, 
557,  560,  562,  865]. 

We  can  obtain  an  idea  about  the  vertical  ozone  concentra¬ 
tion  profile  from  Fig.  1.14,  from  which  we  can  see  that  the 
mid-month  ozone  concentration  at  maximum  altitudes  can  change 
approximately  six  times  as  much.  Below  and  above  the  maximum, 
the  range  within  which  the  mid-month  ozone  changes  occur  is 
smaller  the  farther  the  given  altitude  from  the  maximum 
layer.  The  law  which  was  mentioned  is  valid  in  various  geo¬ 
graphical  regions,  although  absolute  values  of  the  concentra¬ 
tion  undergo  considerable  changes  within  24  hours  and  within 
one  year  and  do  depend  on  the  latitude  and  longitude  of  the 
location. 

The  fluctuations  in  the  mid-month  values  of  the  total 
ozone  content  in  the  atmosphere  can  be  estimated  from  Table  1.9. 

As  we  see  from  Table  1.9,  the  mid-month  value  of  the 
total  ozone  content  from  location  to  location  and  from  month 
to  month  varies  between  the  limits  0.172-0.536  cm,  i.e.,  3 
times  as  much.  The  mean  yearly  values  of  the  total  0_  content 

O 

fluctuates  on  a  smaller  scale  (from  0.394  cm  to  0.204  cm,  or 
approximately  twice  as  much) . 

In  spite  of  the  large  number  of  ozone  concentration  measure 
ments  in  the  atmosphere,  until  now  a  mean  vertical  0g  profile 

has  not  been  constructed.  Various  sources  give  average  data  for 
a  series  of  measurements  (see,  for  example,  Table  1.10). 
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TABLE  1.9 

MEAN  MONTHLY  VALUES  OF  TOTAL  OZONE  CONTENTS  (IN  CM)  IN 
SEVERAL  STATIONS  WHICH  PARTICIPATED  IN  THE  INTER¬ 
NATIONAL  GEOPHYSICAL  YEAR  IN  1958  [21 ] 
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IX 
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V 

X 
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82*30' C 

62*20' B 

0,259 

0,480 

0,536 

0,470 

0,429 

0,355 

0,331 

0,292 

0,299 

0,320 

0,366 

0,370 

0,376 

2 

PCKUIWIOT 

74*43' 

94*59'  3 

0,376 

0,502 

0,499 

0,491 

0,419 

0,373 

0,344 

0,306 

0,323 

0,339 

0,427 

0.321 

0,394 

3 

JlepBHK 

60*08' 

01*11' 3 

0,335 

0,397 

0,408 

0,385 

0,415 

0,358 

0,346 
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0,289 

0,290 

0,258 

0,266 

0,339 

4 

0K«t>0pA 

5l°46' 

01*16'  3 

0,342 

0,353 

0,396 

0,392 

0,398 

0,381 

0,360 

0,337 

0,300 

0,292 

0,284 

0,317 

0,346 

5 

Apoia 

46*47' 

09*41'  B 

0,347 

0,340 

0,394 

0,401 

0,358 

0,352 

0,338 

0,314 

0,292 

0,292 

0,288 

0,308 

0,335 

6 

3jib«5pyc 

43*17' 

42*25'  B 

0,299 

0,320 

0,362 

0,402 

0,345 

0,304 

0,256 

0,228 

0,222 

0,250 

0,241 

0,274 

0,295 

7 

BauiHHrroH 

38°5I' 

77*02' 3 

0.330 

0,373 

0,350 

0,367 

0,364 

0,333 

0,313 

0,315 

0,289 

0,295 

0,285 

0,315 

0,328 

8 

TepHCHua 

30°29' 

140*18'  B 

0,279 

0,292 

0,337 

0,339 

0,329 

0,329 

0,321 

0,300 

0,285 

0,269 

0,246 

0,256 

0,298 

9 
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22=48' 

05*31'  B 

0,172 

0,196 

0,227 

0,258 

0,214 

0,185 

0,173 

0,212 
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0,213 

0,199 

0,192 

0,204 

10 

MayHa-Jloa 

19=29' 

155*36' 3 

0,256 

0,251 

0,270 
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0.289 

0,284 

0,271 

0,271 

0,268 

0,264 

0,257 

0,253 

0,269 

11 
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77*28' 3 

0,227 

0,224 

0,233 

0,247 

0,240 

0,249 

0,246 

0,244 
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0,239 
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4°30' K) 
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0,257 

0,253 

0,252 

0,245 

0,239 

0,244 

0,245 
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0,254 
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0,251 

0,244 

0,248 

13 

BpHcOeH 

27*28' 

153*02' 3 

0,285 

0,276 

0,282 

0,289 

0,292 
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0,314 

0,318 
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0,308 

14 

BtAUMHrroH 

41°17' 

174*46'  3 

0,294 
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0,289 

0,311 

15 
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65*15' 

64*16'  3 

0,295 

0,259 

0,234 

0,251 

0,289 

0,301 

0,278 
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0,350 

0,309 

0,291 

16 
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pMxa 

78°12' 

162*15' 3 

0,314 

0,310 

0,334 

0,266 
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Key:  a.  Serial  number 

b.  Name  of  Station 

c.  Coordinates 

d.  Latitude 

e.  Longitude 

f.  In  one  year 

b.  Name  of  Station 

1.  Alert 

2.  Resolute 

3.  Lerwick 

4.  Oxford 

5.  Arosa 

6 .  El ’ brus 

7.  Washington 

8.  Terisima 

9.  Tamanrasset 

10.  Maunaloa 

11.  Kodaikanal 


12.  Leopoldville 

13.  Brisbane 

14.  Wellington 

15.  0.  Argentina 

16.  Little-America 
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Fig.  1.14.  Mid-month  vertical  ozone  profiles  for  the 
Arosa  Station  obtained  by  Deutsch  [22]  in 
1956-57.  The  numbers  at  the  curves  indicate 
the  serial  numbers  of  the  month. 

Key:  a.  pressure,  mb 

b.  density,  10"3  cm  Og/km 

c.  Altitude,  km 


TABLE  1.10 


OZONE  CONCENTRATION  C  IN  VARIOUS  LAYERS  OF  THE  ATMO¬ 
SPHERE  ACCORDING  TO  THE  DATA  OF  ARTICLE  [23], 

C  -  • 10-3 


(JU 

H,  KM 

Cl,  km/km 

C|,  CM/KM 

a-s 

1.9 

1.0 

S-IO 

4.1 

a.» 

10-13 

5,6 

3,9 

13-16 

7,6 

0,1 

16-18 

11.1 

10,3 

18-20 

15,6 

14,1 

20 

11 

1< 

-21 

1.6 

1.3 

21—23 

17,5 

15,2 

H,  KM  Qj 
Cl,  CM/KM  B 
Cl,  CM/KM  h 

23—24 

10.  i 
11,3 

26-28 

6,5 

5,4 

28-40,5 

1.6 

1.4 

40,5-45,5 

0,3 

0,3 

45,5-50,5 

0,1 

0,09 

50,5-55,5 

0,1 

0,04 

Key:  a.  km;  b.  cm/km; 
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When  the  visible  and  infrared  radiation  in  the  atmosphere 
is  calculated  exactly,  both  the  variations  in  the  total  ozone 
content  as  well  as  the  distribution  of  its  concentration  along 
the  altitude  must  be  taken  into  account.  In  particular,  this 

applies  to  those  cases  when  the  calculation  is  made  for  spectral 
intervals  in  which  the  radiation  is  mainly  absorbed  by  Og. 

Here,  in  the  first  place,  we  must  mention  the  range  of  wave¬ 
lengths  9. 0-1. 3  mcrm,  which  is  occupied  by  the  ozone  absorption 
band  with  maximum  intensity  near  the  same  center  of  the  long¬ 
wave  atmospheric  transmittance  window. 


4.  Distribution  of  C0„,  0o,  CH. ,  No0  and  CO  In  the 

Atmosphere  £  z  4  1 


A  common  feature  of  all  these  gases  is  that  the  specific 
concentration  is  approximately  constant  at  all  altitudes,  at 
least  in  the  lower  30-km  atmosphere  layer.  The  absolute  oxygen 
concentration  does  practically  not  depend- on  time  or  location 
approximately  up  to  an  altitude  of  90  km. 

Many  studies  were  devoted  to  the  study  of  the  C02  concen¬ 
tration.  At  the  present  time  measurements  were  made  above  all 
most  characteristic  locations  on  the  globe,  above  oceans,  con¬ 
tinents,  in  the  Arctic  region,  in  Antarctica,  in  rural  regions 
and  in  industrial  cities,  in  mountains  and  in  the  open  atmosphere. 
A  sufficiently  complete  summary  of  the  available  data  which  also 
gives  the  points  where  the  measurements  were  made  and  the  mean 
minimum  and  maximum  values  of  the  C02  subconcentration  in  the 

atmosphere  is  given  in  articles  [24-38],  which  enables  us  to 
analyze  the  problem  and  draw  certain  conclusions.  This  analysis 
shows  that  among  the  measurements  of  the  mean  C02  concentration 

values  which  were  made  at  64  points  in  various  parts  of  the 
world  in  terms  of  millionths  of  the  air  volume,  these  values  weye, 
in  60  cases,  between  the  limits  280-340.  In  the  remaining  4 
cases,  the  values  were  equal:  253  (England,  at  an  altitude 
of  4-10  km),  256  (near  Cape  Horn,  56°  L.N.),  354  (Pacific 
Ocean)  and  650  (London).  It  is  of  interest  to  note  that  near 
London  the  mean  concentration  is  approximately  equal  to  300. 

The  maximum  deviation  of  the  absolute  concentration  from 
its  mean  value  was  46%  only  in  one  case  (London,  maximum  con¬ 
centration  900,  minimum  concentration  425) .  It  should  also  be 
noted  that  the  C02  concentration  measurement  in  London  were 

made  as  early  as  1936  [24]  and  possibly  need  to  be  corrected. 

In  Articles  139,  40 ],  as  noted  in  [41  ],  the  minimum  and 
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maximum  C02  concentration  values  which  were  obtained  were  equal 

respectively  to  0.015  and  0.078%  of  the  volume.  Taking  into 
account  this  data,  the  absolute  minimum  and  maximum  C02  con¬ 
centrations  in  the  atmosphere  should  be  considered  equal  to 
0.015. and  0.09%  of  the  volume. 

Prom  the  analysis  of  the  data  available  in  the  literature 
about  the  C02  concentration  in  the  atmosphere,  it  follows  that 

the  difference  between  the  absolute  minimum  and  maximum  concen¬ 
tration  attains  a  large  value.  However,  when  infrared  radia¬ 
tion  absorption  by  carbon  dioxide  in  the  earth’s  atmosphere  is 
calculated,  its  concentration  can  be  considered  to  be  constant 
and  equal  to  0.03%  of  the  volume,  since  a  large  deviation  from 
this  value  occurs  very  rarely.  Data  about  the  concentrations 
of  small  mixtures  in  the  atmosphere,  such  as  methane,  nitrogen 
monoxide/ (NgO) ,  and  carbon  monoxide  (CO) ,  were  obtained  in 

very  few  articles.  Seeley  and  Houghton  [42]  found  values  for 
the  CH4,  CO  and  NgO  mixture  ratios  which  were  equal  to  1.05*10“ 

0.12*10"®  and  0.12*10"6  g/g,  respectively.  For  such  values  of 
the  mixture  ratios,  the  total  content  of  these  gases  over 
the  entire  thickness  of  the  atmosphere  in  the  vertical  direc¬ 
tion  is  equal  to  0.84,  0.10  and  0.10  atm/cm. 

As  noted  in  [42],  these  data  agree  well  with  the  measure¬ 
ment  results  of  the  Migeotte  Group  [43].  Bauman  and  Shaw  [44] 
obtained  two  concentrations  of  these  gases  in  the  atmosphere 
layer  near  the  earth's  surface  in  terms  of  millionths  of  the 
volume:  1.7  +  0.03  (CHJ ,  1.3  (CO);  0.28  +  0.04  (No0)  .  At 

the  same  time  it  must  be  noted  that  the  CO  content  fluctuates 
considerably.  The  same  conclusion  is  reached  in  Shaw's 
article  [45 J,  in  which  the  CO  content  in  the  entire  cover  of 
the  atmosphere  was  found  to  vary  between  the  limits  0.04-0.13 
atm/cm.  In  article  [46]  the  CHg  content  is  determined  most 

precisely  in  the  entire  cover  of  the  atmosphere.  It  turned 
out  to  be  equal  to  1.11  +  16  apm/cm. 

K.  P.  Vasilevskiy,  V.  A.  Kazbanov  and  V.  A.  Boldyrev 
[866]  investigated,  with  the  aid  of  an  automatic  balloon  high 
resolution  spectrometer,  the  transmission  spectra  in  the  at¬ 
mosphere  in  two  narrow  bands  near  the  wavelengths  3.31  and 
3.39  mcrm  at  altitudes  from  0  to  30  km.  A  treatment  of  the 
measurement  results  made  it  possible  to  obtain  data  about  the 
vertical  methane  content  profiles  in  the  atmosphere  (Fig. 
1.15). 
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Fig.  1.15.  Vertical  profile  of  the  ratio  of  methan  pres¬ 
sure  to  air  pressure  obtained  from  two 
measurements  with  the  aid  of  an  automatic 
balloon  spectrometer  [866]. 

Key:  a.  Palr 


The  ratio  of  the  mixture  for  N,0  given  in  articles  [47, 

48,  49]  turned  out  to  be  equal  to  0.27*10“  ,  0.27*10“  and 

0.05*10""®  g/g,  respectively.  The  differences  are  explained  by 
the  difficulty  of  interpreting  spectroscopic  data  [42], 

Thus,  the  available  data  shows  that  the  CH4,  CO  and  NgO 

concentrations  in  millionths  lie  between  the  limits  1.05-1.7, 
0.04-1.3,  0.12-0.5,  respectively.  The  improvement  of  the  ac¬ 
curacy  of  these  limits  as  well  as  the  statistical  determination 
of  the  mean  CH4,  NgO  and  CO  concentration  value  in  the  atmo¬ 
sphere  requires  corresponding  systematic  measurements,  which, 
for  the  time  being,  are  not  carried  out. 


2.  Origin  and  General  Characterization  of  Absorption  Spectra 
of  Atmospheric  Gases 

1.  Energy  and  Spectra  of  Molecules 

In  first  approximation  the  energy  of  an  isolated  molecule 
can  be  represented  in  the  form 


E  =  E_ 


(2.1) 


\ 
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where  Epr  is  the  energy  of  progressive  motion  which  can  take 

on  any  value,  Egl  is  the  electron  energy,  ®osc  and  Irot  are  the 

oscillatory  and  rotary  energy.  Ee^,  EQgc  and  Erot  can  take  on 

only  discrete  values.  Thus,  they  can  change  only  discontinu- 
ously,  which  is  accompanied  either  by  absorption  or  radiation 
of  a  light  quantum  at  a  definite  frequency. 

Formula  (2.1)  holds  only  for  the  case  when  the  interactions 
in  the  motion  of  various  types  of  molecules  can  be  ignored.  In 
the  general  case  the  energy  of  the  molecule  is  written  as 


E“E  +E-.+E  +  E  ^  +  E,  +E-,  .+ 

pr  el  osc  rot  el  osc  el  rot 


+  E  .  > 

osc  rot 


(2.?) 


where  the  last  three  terms  take  into  account  the  interactions 
between  various  types  of  molecular  motion. 

The  magnitudes  of  the  electronic,  oscillatory  and  rotary 
energy  of  the  molecule  have  various  orders.  Thus,  the  electronic 
transition  energy  is  on  the  order  of  several  electrovolts, 
the  oscillation  energy  is  measured  in  terms  of  tenths  and  hun- 
dreths  of  electrovolts  and  the  rotary  energy  in  thousandths  and 
tenths  of  thousandths  of  electron  volts.  According  to  the  Energy 
values,  the  electronic  molecular  spectra  occupy  the  ultra**'  . 
violet  and  visible  part  of  the  spectrum,  the  oscillation  values 
the  near  infrared  spectrum  and  the  rotation  values  the  distant 
infrared  and  microwave  spectrum.  Since  the  molecule  has  both 
electronic,  oscillatory  and  rotary  energy,  which,  generally 
during  emission  or  absorption  vary  simultaneously,  the  electronic 
and  oscillation  spectra  do  not  occur  in  pure  form.  Thus, 
depending  on  the  wavelength  band,  we  are  dealing  either  with 
electron-oscillation-rotation  or  oscillation-rotation  or 
with  pure  rotation  molecular  spectra.  For  the  sake  of  brevity, 
these  spectra  are  often  called  electronic,  oscillation  and 
rotation  spectra,  respectively. 

To  each  electronic  state  there  corresponds  a  grid  of  os¬ 
cillatory  energy  levels,  which  is  characterized  by  a  certain 
value  of  the  oscillatory  quantum  number  v  (Fig.  2.1).  To  each 
oscillatory  level,  in  turn,  there  corresponds  a  series  of 
rotary  levels,  which  is  characterized  by  a  certain  value  of 
the  rotation  quantum  number  j. 
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Using  Fig.  2.1,  we  can  easily  see  why  the  electronic  and  os¬ 
cillatory  transitions  in  the  molecule  do  not  occur  in  pure  form. 

In  fact,  in  the  collection  of  molecules,  we  are  only  dealing 
with  their  statistical  distribution  in  terms  of  the  electronic, 
oscillatory  and  rotary  energy.  For  each  electronic  transition 
in  the  molecule,  the  oscillation  and  rotation  energy  changes  at 
the  same  time.  The  entire  set  of  electronic  transitions  forms 
the  electron- oscillation-rotation  spectrum,  in  which  the  line 
intensities  are  determined  by  the  molecular  distribution  ove^ 
the  energy  levels  and  by  the  probabilities  of  the  corresponding 
transitions. 

The  electron-oscillation-rotation  spectrum  is  a  set  of  bands. 

To  each  set  of  molecular  transitions  between  two  electronic  states, 

-  there  corresponds  an  electron  band  consisting  of  a  set  of  os¬ 
cillation-rotation  bands. 

The  number  of  different  oscillation  transitions  which  ac¬ 
company  a  change  in  electronic  energy  and  the  number  of  dif¬ 
ferent  rotation  transitions  which  are  related  to  changes  in 
the  oscillation  energy  of  the  molecule  can  be  very  large. 

This  fact  is  responsible  for  the  very  complex  structure  of 
molecular  spectra.  The  character  of  this  structure  depends 
on  the  fules  selected  for  the  transition  between  the  energy 
levels  with  certain  values  for  the  set  of  quantum  numbers.  We 
will  discuss  the  selection  rules  in  greater  detail  below. 

The  highest  oscillation  levels  of  the  lower  electronic  molecu¬ 
lar  state  can  overlap  with  the  lower  levels  of  the  adjacent 
higher  electronic  state.  Analogously  the  rotation  levels  of  ad¬ 
jacent  oscillation  states  may  overlap  (this  can  be  clearly 
seen  in  Fig.  2.1).  Such  overlapping  of  levels  lead  to  the  overlapping 
of  corresponding  neighboring  electronic  and  oscillation  bands,  which 
further  complicates  the  band  picture  of  the  molecular  spec¬ 
trum. 


In  order  to  understand  the  spectral  structure  of  molecules 
of  various  types,  it  is  useful  to  consider  separately  the 
rotation,  oscillation,  electronic  energy  of  molecules  and  their 
interaction. 


2.  Rotation  Energy  and  Rotation  Spectra  of  Molecules 

A  rotating  molecule  can  be  considered  approximately  as  a 
rigid  body  (rigid  gyroscope) .  The  properties  of  rotating 
molecules  and  their  rotation  spectra  depend  on  the  relation  be¬ 
tween  the  three  principal  moments  of  inertia  .  ^a,  and'^JTcv 

with  respect  to  the  three  main  axes  of  inertia  of  the  molecule. 
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Fig.  2.1.  Diagram  of  oscillation  and  rotation  levels  of 
two  electron  states  (a  and  b)  for  the  mole¬ 
cule  (the  time  and  double  time  in  v  and  j 
indicate  that  the  corresponding  levels  be¬ 
long  to  the  upper  and  lower  electronic  molecu¬ 
lar  states. 

Key:  a.  a;  b.  b 


According  to  their  rotation  properties,  all  molecules  are  clas¬ 
sified  into  four  groups  (Table  2.1). 


1. 

cule  is 


Linear  Molecules. 


The  rotation  energy  of  &  linear  mole- 


(2.3) 
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TABLE  2.1 

CLASSIFICATION  OF  MOLECULES  BY  THEIR  ROTARY  PROPERTIES 


cu 

M 

n/n 

b 

MoMeHTU  NHCpilMV  _ 

c 

T«nu  MiMieiyx 

ATM0c4>cpHue  row,  ^ 
npMHaA^cMcatuHe  k  co* 
oiaeTCtayioiUHM  TttnaM 
MOAeKy/i 

1 

JlHHeAmje  Mcwieny- 

Jlbl 

CO,,  NjO,  NO,  CO, 
Oj,  N2 

2 

M<wiei<y/iu  THna  chm- 

M6TpHHHOrO  BOJM- 
Ka 

HeT  cpeAit  pacnpocrpa- 
Hemibix  b  oaaneTap- 
hom  Macunafic  btmo- 
ctpepiiux  raaoB 

3 

Ja  =  ^6  =  Jc 

Moaenyau  THnactpe- 
pH'iecKoro  BO/i'ixa 

ch4 

4 

cra±3b*y  c 

Mo/iexy.'iu  Tima 

aciiMMeTpiiHHoro 

BOflXK* 

HjO,  0,,  HDO 

I 


Key:  a.  Serial  number 

Moment  of  inertia 
Types  of  molecules 

Atmospheric  gases  which  belong  to  the  cor¬ 
responding  types  of  molecules 

c.  Types  of  molecules 
Linear  molecules 

Molecules  of  the  symmetric  gyroscope  type 
Molecules  of  the  spherical  gyroscope  type 
Molecules  of  the  asymmetric  gyroscope  type 

d.  Atmospheric  gases  which  .  .  . 
co2,  n2o,  NO,  CO,  o2,  n2 

There  are  no  atmospheric  gases  among  those  propaga¬ 
ted  on  the  planetary  scale 


H20,  03,  HDO 
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So****-5* 


where  MV-  is  the  square  of  the  moment  of  momentum,  \J •  - 

is  the  moment  of  inertia  with  respect  to  the  axis  of  rotation  which 
is  perpendicular  to  the  axis  of  the  molecule  and  which  passes 
through  the  center  of  gravity  of  the  latter.  The  quantization 

m|\  is  determined  from  the  formula 

Afc-aVa+l).  (2.4) 


1  h 

where'  h  is  the  Planck  constant,  j  is  the  rotary  quantum 

number  which  takes  on  the  integer  values 


1,  2,  3, ... 


(2.5) 


From  (2.4)  and  (2.3)  we  obtain  expression  for  the  quantized 
rotation  energy  of  the  molecule 


h* 


^-jy/(/+l>-*/  (/+!), 


(2.6) 


where  the  quantity 


B. 


h*  2,80. 10-» 


ZJ  J 


Key:  a.  cm" 

b.  sec 

c.  MHz 


(2.7) 


-l 


is  called  the  rotation  constant. 

Table  2.2  gives  the  values  of  Ej  for  various  j. 
The  distance  between  successive  energy  levels 


E,+1-E;  =  2B(/+1) 


(2.8) 


TABLE  2.2 


VALUE  OP  THE  ROTATION  ENERGY  Ej  FOR  VARIOUS  VALUES 
OF  THE  ROTATION  QUANTUM  NUMBER  j 


/ 

0 

1 

2 

3 

4 

5 

6 

7 

8 

•9 

10 

E) 

0 

2  fl 

6fl 

12  B 

20B 

30B 

42  B 

56  B 

72  B 

90S 

HOB 

is  proportional  to  the  quantity  j . 

It  can  be  seen  from  (2.8)  and  (2.7)  that  the  absolute 
value  of  the  distance  between  the  rotation  energy  levels  is  in¬ 
versely  proportional  to  the  moment  of  inertia  of  the  molecule. 

The  heavier  the  molecule  and  the  larger  its  dimensions,  the  farther 
out  on  the  long  wave  band  its  rotation  center  will  lie. 

At  the  same  time  with  quantizing  the  square  of  the  moment  of 

momentum »  Mf, .  the  projection  •  Ml .  in  the  given  direction  z  is 
quantized' 


(2.9) 


where  mj  is  the  magnetic  quantum  number  which  takes  on  the 
2j  +  1  value: 


%  =  /.  /-I, ....  — /. 


(2.10) 


The  energy  of  any  free  molecule  is  determined  by  the 
moment  of  momentum  and  does  not  depend  on  the  projection  of 
this  moment,  and,  consequently,  the  quantum  number  m^.  How¬ 
ever  the  sot  of  values  of  the  quantum  numbers  j  and  m^  de¬ 
termines  completely  the  rotary  movement  of  the  linear  molecule 
with  two  degrees  of  freedom  for  the  rotary  motion. 

As  we  already  have  mentioned,  for  a  given  j,  m^  takes  on 

2j  +  1  values.  This,  a  linear  molecule  has  2 j  +  1  degenerate 
states  for  a  given  j.  The  statistical  weight  of  the  rotation 
level  with  a  given  j  is  equal  to  =  2j  +  1  (j  =  0,  1,  2,  ...). 


The  number  of  molecules  with  a  given  value  j  during  heat 
balance  is  determined  from  the  formula 


^  =  (2/+l)/toe  ^  =  {2/+!)  no* 


Bsa+n 


(2.11) 


where  n^  denotes  the  number  of  molecules  in  the  state  with 


Pure  rotation  spectra  can  only  have  molecules  which  have 
a  constant  dipole  moment  which  is  different  from  zero.'  Linear 
molecules  mav  have  a  constant  dipole  moment,  when  the  centers 
of  gravity  of  the  positive  and  negative  charges  do  not  coincide. 
The  selection  rules  solve  the  pure  rotation  transitions  when 


A/  =  d;l. 


(2.12) 


(2.12)  and  (2.8)  imply  that  the  frequencies  of  the  pos¬ 
sible  successive  rotation  transitions  differ  by  the  amount 
2B.  Thus,  a  pure  rotation  spectrum  of  a  linear  molecule  which 
is  approximated  by  a  rigid  gyroscope  consists  of  equidistant 
lines. 

The  rigid  gyroscope  approximation  assumes  that  the  states 
between  the  molecular  cores  do  not  change  during  the  rotation. 
However,  in  fact,  these  distances  increase  because  of  the 
centrifugal  expansion,  which  increases  in  proportion  to  the  ro¬ 
tation  energy  and  consequently  in  proportion  to  the  magnitude  of 
the  rotation,  quantum  number  j.  As  the  distance  between  the 
cores  increases,  the  rotation  constant  B  decreases  [see  (2.7)]. 
This  leads  to  a  decrease  in  tne  distance  between  the  lines  in 
the  spectrum  on  the  frequency  scale. 

The  quantum  mechanics  perturbation  theory  for  the  case  of 
small  centrifugal  molecular  expansions  enables  us  to  obtain 
the  following  approximate  formula  for  the  rotation  energy  of  the 
molecule: 


Ej==Bj(l+\)—DU(i  + 1)1*. 


(2.13) 


i-.i  I, 


The  constant  D  does  not  exceed  the  value  10  B.  It  need 
only  be  taken  into  account  when  the  values  of  j  are  large. 

2.  Molecules  of  the  Spherical  Gyroscope  Type .  Molecules 
of  the  spher ical  gyroscope  type '  (fo  —  Jb = ¥=  0) .  arc  the  simplest 

type  of  non-linear  molecules.  The  rotation  energy  levels  of  these 
molecules  are  determined  by  the  same  formula  as  the  energy 
levels  of  linear  molecules  [see  (2.6)].  But  the  properties  of  the 
rotation  levels  of  these  two  types  of  molecules  are  sub¬ 
stantially  different.  Molecules  of  the  spherical  gyroscope 
type  have  three  degrees  of  freedom  for  the  rotary  movement; 
hence,  to  fully  describe  the  rotation  levels,  three  quantum  num¬ 
bers  are  needed.  In  addition  to  the  quantum  numbers,  j  and  m^ , 

which  characterize  the  rotary  movement,  the  quantum  number  k 
is  introduced,  which  determines  the  projection  value  of  the 
moment  of  momentum  onto  any  axis,  which  is  rigidly  connected 
to  the  molecule. 

The  projection  of  the  moment  of  momentum  on  the  axi$  which 
is  connected  to  the  molecule,  is  quantized  in  the  same  way  as 
the  projection  of  this  moment  on  a  fixed  axis.  Therefore, 
the  quantum  number  k,  just  as  the  quantum  number  m ^ ,  takes  on 

2j  +  1  values  for  a  given  j. 

The  energy  of  the  molecule  depends  only  on  the  quantum 
number  j.  Therefore,  the  total  degree  of  degeneracy  for  the  ro¬ 
tation  levels  of  a  molecule  of  the  spherical  gyroscope  type 
which  depends  on  m^  and  k  turns  out  to  be  equal  to 


=  (  2/+D*. 


(2.14) 


For  each  value  j  the  molecule  can  have  2j  +  1  orientations 
with  respect  to  the  fixed  axis  which  is  not  connected  to  the 
molecule  and  2j  +  1  orientations  with  respect  to  the  axis  which 
moves  together  with  the  molecule. 

The  distribution  of  molecules  with  respect  to  the  rotation 
states  has  now  the  form 


/t^(2/+l),rt0e-  kT  =(2/4  I)*«0e‘ 


im±t) 

*r 


(2.15) 


By  comparing  (2.15)  and  (2.11)  it  follows  that  the  number 
of  molecules  of  the  spherical  gyroscope  type  at  high  rotation 
levels  (larger  than  j)  will  be  greater  than  the  number  of  linear 
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molecules  for  the  same  B  and  T. 

The  effect  of  centrifugal  expansion  when  molecules  of  the 
spherical  gyroscope  type  are  rotated  is  taken  into  account  in 
the  same  manner  as  in  the  case  of  linear  molecules  and  is 
determined  by  the  same  formula  (2.13). 

3.  Molecules  of  the  Symmetric  Gyroscope  Type.  Among  the 
atmospheric  gases  which  are  propagated  on  the  planetary  scale 
there  are  no  gases  the  molecules  of  which  would  belong  to 
this  type.  Nevertheless  this  problem  must  be  studied.  We  will 
denote  by  a,  b  and  c  the  axes  with  respect  to  Which  the  principal 
moments  of  inertia  obey  the  relation 

0 3 6^  3»‘  (n 


The  symmetric  gyroscope  can  either  be  elongated  or  flattened. 
For  an  elongated  gyroscope 


(2.17) 


For  a  flattened  gyroscope 


3  a  —  3  b  ^  3  c* 


To  each  moment  of  inertia  corresponds  its  own  rotational  con¬ 
stant  (A,  B  and  C) : 


a  A*  .  n _ A* 

A  8 n*Ja' 

r_  A*  (2.18) 

~  8n* y,  • 


The  expression  for  the  rotation  energy  of  a  rigid  elongated 
gyroscope  has  the  form 


EJk  =  Bj(i+l)  +  (A-B)  k'\ 

( A>B ), 

1  =  0,  1,2,...;  k  =  0;  ±  1 ;  ±2;  . . . ;  ±  /. 


(2,19) 


-42- 


S*5tt**  1 


v  <-*«  r«w»jvrji«l 


Va  In  the  case  of  a  flattened  gyroscope 


E^B/tf+lRfC-fl)**;  (C<B); 

1  =  0,  1,2,...;  ft  =  0;  dblj  db  2;  ...■*,  ±/. 


(2.20) 


The  first  term  in  (2.19)  and  (2.20)  coincides  in, form  with 
the  expression  for  the  rotation  energy  of  a  linear  molecule  ana 

a  molecule  of  the  spherical  gyroscope  type  [see  (2.7)].  Tlie 
second  term  depends  on  the  absolute  value  of  the  quantum  number 
k,  which  determines  the  value  of  the  projection  of  the  moment 
of  momentum  on  the  axis  of  symmetry  of  the  molecule.  If,  in 
the  case  of  a  spherical  gyroscope,  every  level  with  a  given  j 
has  a  degree  of  degeneracy  2j  +  1  relative  to  th£  quantum 
number  k,  for  a  molecule  of  the  symmetric  gyroscope  type  it 
is  broken  up  into  j  +  1  levels  which  correspond  to  the  values 
|k|  -  0,  1,  2,  . ..,  j.  Thus,  for  k  it  is  not  necessary  to 
indicate  the  sign. 

The  levels  of  the  molecule  with  given  j  and  k  have  a 
degree  of  degeneracy  which  is  2(2j  +  1),  except  the  level  with 
the  value  k  -  0.  In  the  last  case  the  degree  of  degeneracy 
is  (2j  +  1) . 

The  selection  rules  for  pure  rotation  transition  in  molecules 
of  the  symmetric  gyroscope  type  allow  for  transitions  which 
satisfy  the  conditions 


N=±  1;  Aft =o. 


(2.21) 


From  (2.18),  (2.19)  and  (2.20)  we  obtain  for  the  transi¬ 
tion  energy  of  the  molecule  between  the  levels  with  quantum 
number  values  j’k  and  j"k 


AE = Ej'ii — Ej-k  =  B  [/'(/'  + 1) — /*.(/*  + 1)1- 


(2.22) 


From  (2.22)  we  have  for  the  transition  energy  between 
neighboring  levels  (Aj  -  1) 


AE  =  Ejti,  h  —  Ejk  =  2B  (/  +  !)• 


(2.23) 
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Thus,  as  in  the  case  of  linear  molecules,  a  pure  rotation 
spectrum  of  molecules  of  the  symmetrical  gyroscope  type  con¬ 
sists  of  equidistant  lines,  while  the  rotation  absorption  and 
emission  spectra  can  have  only  molecules  of  the  symmetric  gyroscope 
type  with  a  dipole  moment  which  is  different  from  zero. 

The  effect  of  centrifugal  molecular  expansion  is  taken 
into  account  by  the  following  .formula  for  the  rotation  energy 
of  a  molecule  of  the  symmetric  gyroscope  type: 


EJk  ~E$T-  Djj*  </  + 1)1  -  DjhI  (/  4- 1)  *  -  Dhk',  (2.24) 


where1  is  the  rotation  energy  of  the  rigid  symmetric  gyro¬ 
scope  determined  from  formulas  (2.19)  and  (2.20),  V  Djk 

and  D  are  constants  which  are  small  relative  to  B,  A  and  C. 
k 

For  the  possible  rotation  transitions  in  the  molecule  we 
now  obtain  from  (2.21)  and  (2.24) 


A£  =■£;*),*  —  E)k  —  (/  +  lj  — 

-4£>j  (/+!)* -2D,*  (/+!)**. 


(2.25) 


I 


It  is  seen  from  the  last  formulas  that  the  rotation  spec¬ 
trum  of  a  real  molecule  consists  of  converging  lines,  where 
to  each  value  j  correspond  j  +  1  levels  determined  by  the 
values  K-0,  1,  ...,  j . 

4 .  Molecules  of  the  Asymmetric  Gyroscope  Type.  For 
molecules  of  the  asymmetric  gyroscope  type 


I  A>B>Cr  '  (2.26) 

I  In  contrast  to  the  cases  considered,  the  case  of  an  a- 

!  symmetric  gyroscope  cannot  be  described  by  simple  analytic 

|  expressions.  To  determine  the  rotation  energy  with  j  -  2 

and  j  -  3  we  must  solve  quadratic  equations.  To  determine  the 
energy  of  the  levels  with  j>  3,  we  must  solve  third  and 
fourth  degree  equations.  The  corresponding  calculations  un¬ 
til  now  have  been  made  up  to  the  value  ,j  *  40  [52]. 
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^  The  qualitative  picture  of  the  rotation  energy  levels  of 
a  molecule  of  the  asymmetric  gyroscope  type  can  be  obtained  by 
considering  this  molecule  as  an  intermediate  case  between  a 
completely  flattened  and  completely  elongated  gyroscope. 

It  is  easily  seen  that  the  less  'J&\  differs  from  the  Ja.^ 

or  'Pe!l  the  closer  the  asymmetric  gyroscope  will  be  to  the 

corresponding  symmetric  gyroscope.  To  characterize  the  asymmetry 
of  the  gyroscope  we  introduce  the  parameter 


2B-A- 


(2.27) 


For  an  elongated  gyroscope  x  -  -1,  for  a  flattened  gyroscope 
x  *  1.  For  5=—^  (most  asymmetric  gyroscope)  x  -  0.  For 

*  t  v 

example  for  water  molecules,  x  =  -0.430. 

For  a  molecule  of  the  asymmetric  gyroscope  type,  the  level 
with  a  given  j  is  broken  up  into  2  j  •*  1  levels,  which  are  de¬ 
noted  by  the  index  t,  which  takes  on  the  values 


t  ==—•/»  — .♦♦•/  It/* 


(2.28). 


The  levels  are  situated  in  the  order  of  increasing  energy  from 
to  ,j+j  (see,  for  example,  Table  2.3). 

The  centrifugal  expansion  of  a  molecule  of  the  asymmetric 
gyroscope  type  causes  only  the  displacement  of  the  energy 
levels,  which  can  be  considerable  when  the  molecules  are  light 
and  the  values  of  j  are  large.  Taking  into  account  the  effect 
of  the  centrifugal  expansion  of  molecules  on  the  rotation  levels 
is  a  rather  difficult  problem.  This  problem  is  solved  for 
various  special  cases  in  [53 ]. 

The  spectra  of  molecules  of  the  asymmetric  gyroscope  type 
are  extremely  complex.  The  selection  rules  allow  for  trans¬ 
itions  with  changes  in  the  rotation  quantum  number 


A/  =0,  ±  1. 


(2.29) 


Here  the  Q,  R  and  P  branches  correspond  to  the  transitions  with 
Aj  -  0,  +1  and  -1. 
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TABLE  2.3 


ROTATION  LEVEL  ENERGY  OF  A  WATER  MOLECULE 
(cm"1)  [51] 


/-0 

i 

- 1 

/- i 

i 

/ 

>3 

/-< 

o.o 

1_, 

23,78 

2.2  70,09 

3-3 

136,76 

4_t  222,07 

•o 

37,09 

2.!  79,43 

3-2 

142,23 

4.,  224,81 

h 

42,31 

2o  95,15 

3-i 

173,31 

4.a  275,50 

2,  134,98 

3o 

206,35 

4_t  300,44 

22  136,24 

3, 

212,24 

40  315,83 

32 

286,18 

4,  384,03 

3j 

286,93 

42  385,44 

4j  490,64 

44  490,79 

In  addition  to  the  selection  rules  (2.29)  for  molecules 
of  the  asymmetric  gyroscope  types  there  are  bounds  In  the 
transitions  which  are  related  to  the  symmetric  properties  of 
the  inertial  ellipsoid.  When  the  inertial  ellipsoid  rotates 
about  the  rotation  axis,  the  wave  function  may  not  change  or 
change  sign.  In  the  first  case  we  speak  about  an  even  function 
(we  will  denote  it  by  e) ,  in  the  second  case  about  an  odd  func¬ 
tion  (we  will  denote  it  by  o) .  A  rotation  of  the  ellipsoid 
relative  to  one  of  the  two  axes  through  a  180°  angle  is  equiva¬ 
lent  to  a  rotation  through  the  same  angle  relative  to  the 
third  axis.  Thus,  it  is  sufficient  if  we  consider  the  rotation 
of  the  ellipsoid  with  respect  to  two  axes.  The  following  types 
of  symmetry  of  the  molecule  can  occur:  ee,  eo,  oe  and  oo  or 
++,  +-,  -+  and  — . 

Depending  on  the  principal  axis  along  which  the  dipole 
moment  of  the  molecule  is  oriented,  we  distinguish  three  types 
of  selection  rules:  A,  B  and  C.  In  the  first  case  the  dipole 
moment  is  oriented  along  the  a-axis,  in* the  second  case  along 
the  b-axis  and  in  the  third  case  along  the  c-axis.  The  dipole 
moment  of  a  water  molecule  is  directed  along  the  b-axis.  In 
this  case  the  selection  rules  have  the  form  of  type  B 


- 8’'+  — *-*•  —  +• .  (2.30) 


Key:  a.  and 


-46- 


For  the. types  A  and  C  we  have  respectively 

+  +  «--(•  »  +  —  - -  (2.31) 


and 


+  +  ^  +  +  — (2.32) 


Key :  a .  and 


If  the  orientation  of  the  dipole  moment  does  not  coincide 
with  the  orientation  of  a  principal  axis  of  rotation,  then  in  this 
case  all  three  selection  rules  hold. 

As  in  the  cases  which  were  considered  earlier,  pure  rotatioil 
spectra  can  only  have  molecules  of  the  asymmetric  gyroscope 
type  which  have  a  constant  dipole  moment  which  is  different  from 
zero.  Among  the  atmospheric  gases  such  molecules  are  the 
molecules  of  the  principal  absorption  components  in  the  atmo¬ 
sphere  (water  vapor  and  ozone) .  The  pure  rotation  HgO  and  Qg 

spectra  are  very  complex  and  have  a  large  number  of  strong  ab¬ 
sorption  lines  which  lie  in  a  wide  long  wave  band. 


3.  Vibration  Energy  And  Vibration-Rotation  Spectra  of  Molecules 

1.  Molecular  Vibration  Energy.  A  molecule  consisting  of 
N  atoms  has  3n  degrees  of  freedom  among  which  it  has  3 
for  the  progressive  motion  of  the  center  of  gravity  of  the  mole¬ 
cule  as  a  whole,  3  or  2  for  rotary  motion.  Linear  molecules 
have  2  degrees  of  freedom  for  the  rotary  motion,  nonlinear 
3  degrees  of  freedom.  Thus,  a  nonlinear  molecule  has  3N  -  6 
degrees  of  freedom  for  the  oscillatory  movement,  and  in  the 
general  case,  3N  -  6  different  vibration-  frequencies.  A 
linear  molecule  has  3N  -  5  degrees  for  the  vibration  movement 
and  3N  -  5  vibration  frequencies.  In  symmetric  molecules 
certain  frequencies  coincide  because  of  degeneracy. 

The  simplest  model  of  the  vibration  movement  of  a  molecule 
is  the  model  of  a  harmonic  oscillator.  For  this  model  quantum 
mechanics  provides  the  well-known  expression  for  the  vibration 
energy 
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£B  =  Av(t;+i)  , 


(2.33) 


J  \ 


where 


(2.34) 


I  is  the  classical  vibration  frequency,  v  is  the  vibration 

I  quantum  number  which  takes  on  the  integer  values  v  -  0,  1,  2, 
i  k  is  the  constant  of  the  quasielastic,  M  is  the  vibrator 
I  mass . 

|  As  seen  from  (2.33),  the  energy  levels  of  a  harmonic 

|  oscillator  are  equidistant.  The  energy  difference  between 
|  neighboring  levels  is  equal  to 


(2.35). 


For  a  harmonic  oscillator,  the  quantum  transition  fre¬ 
quency  between  neighboring  vibration  levels  coincides  with  the 
classical  vibration  frequency. 

If  the  vibrations  of  the  molecule  are  considered  as  a 
set  of  harmonic  oscillator  vibrations  with  the  frequencies 
vl»  v2«  v3>  •••»  then  according  to  quantum  mechanics  the  vibra* 

tion  energy  of  the  molecule  has  the  form 


£»—  (oj+y)  Vv,-f-  (vj  +  i)  AV|  + 

-r  (wj-f-y)  Avj+  .. ., 


(2.36) 


where  v. 


..,  are  the  vibration  quantum  numbers. 


The  vibration  states  of  molecules  are  denoted  by  a  set 
of  values  of  these  numbers.  For  example,  the  state  (001) 
corresponds  to  the  values  v^  =  0,  Vg  =*  0,  Vg  =  1.  The  frequencies 

vl»  v2,  v3,  etc.,  are  usually  called  the  principal  or  funda¬ 
mental  vibration  frequencies. 
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The  selection  rules  resolve  the  transitions  between 
the  energy  levels  of  a  harmonic  oscillator,  which  satisfy  the 
condition 


Aos-±  1. 


(2.37) 


Further ,  if  the  molecule  is  represented  by  a  set  of  harmonic 
oscillators,  only  one  quantum  number  of  a  single  vibration 
need  be  changed. 

Thus,  the  selection  rules  resolve  the  transitions 
between  neighboring  levels  with  the  same  frequency  v  [see 
(2.35) J. 

The  model  of  a  harmonic  oscillator  oversimplifies  the 
descritpion  of  real  vibrations.  Taking  into  account  the  an- 
harmonicity  of  the  molecule  vibrations  leads  to  second  and 
third  order  terms  in  the  expression  for  the  energy  (2.36). 
Thus,  in  the  case  of  a  two-atom  molecule,  we  can  obtain  the 
following  approximate  expression  for  E  : 


+j)  /»v-(t>+y)2*/tv, 


(2.38) 


where  x  is  the  anharmonicity  constant. 

For  an  N-atom  molecule  the  expression  for  the  vibration 
energy,  taking  into  account  anharmonicity  has  the  form  [54] 


£(o„  »»,...)  = 

1 2  (wi  + j)  +  2  Xfk  ^ 


(2.39) 


where  x^  are  the  anharmonicity  and  intercoupling  constants  of 
individual  vibrations. 

The  anharmonicity  of  the  vibratioas  reduces  the  distances 
of  neighboring  vibration  energy  levels  of  the  molecule  as  the 
vibration  quantum  number  increases.  Instead  of  a  single  vibra¬ 
tion  frequency  there  is  a  series  of  frequencies  which  decrease 
in  series  v-0**v-l,  v  =*  1  ~  v  -  2,  etc. 

The  distance  between  the  levels  decreases  successively  as 
the  vibration  quantum  numbers  Vj  v2,  and  v3  increase  (Fig.  2.2) 
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When  the  anharmonicity  vibrations  are  taken  into  account 
the  selection  rules  change  considerably.  Now  transitions  are 
resolved  which  satisfy  the  condition 


Av  =  2,  3,  4  etc. 


(2.40) 


Fig.  2.2.  Vibration  energy  levels  of  the 
HgO  molecule 


Moreover,  transitions  are  resolved  for  which  two  quantum 
numbers  change  simultaneously. 

Transitions  which  are  characterized  by  a  change  in  Av  by 
2,  3,  etc.,  cause  the  occurrence  of  corresponding  overtones 
in  the  fundamental  vibration  frequencies.  When  two  or  more 
vibration  quantum  numbers  change  at  the  same  time,  so-called 
composite  vibration  frequencies  occur  (sums  and  differences  of 
frequencies).  Thus,  in  a  real  molecule,  the  number  of  vibra¬ 
tion  frequencies  exceeds  considerably  the  number  of  its  funda¬ 
mental  frequencies. 

The  anharmonicity  of  the  vibrations  can  cause  considerable 
interaction  between  the  vibrations  in  the  presence  of  random 
resonance.  Thus,  for  example,  the  C0„  molecule  has  energy 

*  -1 

levels  which  almost  coincide  =  1337  cm  (v.^  =  1,  Vg  -  0, 

Vg  *  0)  and  2vg  (v-^  =  0,  Vg  =  2,  Vg  =  0) .  Such  random  coincidence 

of  the  energy  levels  which  belong  to  the  same  symmetry  class 
called  the  Fermi  resonance^  causes  the  mutual  perturbation  of 
the  vibration  energy  levels  which  manifest  itself  in  the  dis¬ 
placement  in  opposite  directions. 


-50- 


J- 


2.  Vibration-Rotation  Spectra  of  Molecules.  The  energy 
of  vibration  and  rotation  molecular  quanta  have the  orders 

100-100  cnf *  and  1-10  cm"**,  respectively.  Therefore,  if  the 
rotation  spectra  are  observed  in  pure  form,  pure  vibration  spec¬ 
tra  can  be  observed  only  in  special,  extremely  rare  cases.  In 
practice  a  change  in  the  vibration  state  of  a  molecule  is  al¬ 
ways  connected  with  the  emission  or  absorption  of  energy,  and 
the  rotation  state  also  changes.  The  small  energy  of  rotation 
quanta  in  comparison  with  the  vibration  energy  of  the  quanta 
is  explained  by  the  fact  that  the  rotation  does  not  disturb 
the  vibration  structure  of  the  molecular  spectrum.  Since  to 
each  vibration  level  corresponds  a  series  of  rotation  levels, 
each  vibration  transition  in  the  collection  of  molecules  is 
converted  into  a  series  of  lines  or  a  spectral  band.  Every 
line  corresponds  to  the  same  change  in  vibration  energy  and 
to  a  definite  change  in  rotation  energy. 


Thus  the  spectrum  of  pure  vibration  transitions  of  the 
molecule  must  be  considered  as  a  skeleton,  around  the  elements 
of  which  are  grouped  the  vibration-rotation  bands.  If  we 
ignore  the  vibration  and  rotation  interactions  of  the  molecule, 
then  its  vibration-rotation  spectrum  is  easily  represented 
as  an  additivd  superposition  of  vibration  and  rotation  transi¬ 
tions,  which  are  resolved  by  the  appropriate  selection  rules. 

We  will  first  consider  the  character  of  the  vibration 
structure  of  the  spectra  which  is  the  basis  for  the  vibration- 
rotation  bands.  The  simplest  structure  occurs  in  the  case  of 
2-atom  molecules.  The  condition  for  the  occurrence  of  vibra¬ 
tion  bands  in  the  spectrum  is  that  the  variation  in  the  dipole 
moment  of  the  molecule  be  different  from  zero  during  the  cor¬ 
responding  quantum  transition.  Two-atom  molecules  consisting 
of  the  same  atoms,  which  consequently  have  a  dipole  moment  which 
does  not  vary  during  the  vibrations  and  which  is  equal  to 
zero,  cannot  have  vibration-rotation  spectra.  The  frequencies 
of  such  vibrations  are  said  to  be  optically  inactive. 

The  vibration  transition  spectrum  of  a  two-atom  molecule 
consisting  of  different  atoms  can  easily  be  obtained  from 
fromula  (2.38),  from  which  we  have  from  the  vibration  fre¬ 
quencies 


V*  =  V  (1  —  x)  (v“  —  «')  —  vx  (u'> — w'*), 


(2.41) 


where  v"  and  v’  are  the  vibration  quantum  numbers  of  the  upper 
and  lower  molecular  states. 


¥ 
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It  is  seen  from  the  last  formula  that  the  vibrations  spec¬ 
trum  of  a  two-atom  molecule  consists  of  a  set  of  band  series. 
Each  band  corresponds  to  a  set  of  molecular  transitions  from  a 
given  vibration  level  to  the  neighboring  level;  We  recall  that 
the  selection  rules  for  the  anharmonic  oscillator  for  which  we 
obtained  formula  (2.38) ,  resolves  the  transitions  with  arbi¬ 
trary  variations  in  the  vibration  quantum  number.  For  example, 
for  the  series  which  starts  with  the  zero  vibration  level 
(v'  =0),  we  obtain  from  (2.41) 

v/,(0,  «*)—- v(l  — x) t>"— vxo'’*,  (2.42) 


from  which  we  further  obtain  the  following  set  of  vibration 
transition  frequencies  and  hence  vibration-rotation  bands: 


v*  —  v  (1  —  2x);  v2  =  2v(1-3x); 
Vj  =  3v(1—  4x);  ... 


(2.43) 


It  can  be  seen  from  (2.43)  that  the  distance  between  ad¬ 
jacent  lines  decreases  as  v"  increases  and  as  the  frequency  in¬ 
creases.  The  lines  of  the  series  converge  to  some  boundary, 
which  corresponds  to  the  molecular  dissociation.  All  other 
series  have  an  analogous  structure. 

Such  a  picture  of  vibration-rotation  bands  (in  the  form 
of  a  set  of  band  series)  exists  also  in  the  case  of  multi¬ 
atom  molecules.  However,  because  of  the  complex  configuration 
of  the  vibration  levels,  and  the  possibility  that  a  large  num¬ 
ber  of  vibrations  may  be  induced  simultaneously  (the  funda¬ 
mental  frequencies,  overtones,  composite  frequencies)  the 
structures  of  individual  vibrations  overlap  and  the  spectrum 
obtained  is  very  complex.  We  will  now  consider  the  fine  struc¬ 
ture  of  the  individual  vibration-rotation  bands.  We  can  con¬ 
veniently  start  with  two-atom  molecules.  The  vibration-rota¬ 
tion  energy  for  two  levels  characterized  by  the  vibration 
and  rotation  quantum  numbers  v",  j"  and  v',  j',  can  be  written 
in  the  form 


=  +  +1).  (2.44) 


F  =  +  (/'  +  D.  (2.45) 
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XJr  where  Eyf,  and  Iyf  are  determined  by  formulas  of  the  type  (2.38), 

and  the  rotation  energy  is  written  for  simplicity  in  the  form 
Bj(j  +  1). 

The  interaction  between  the  vibrations  and  rotation  of  the 
molecule  is  taken  into  consideration  in  (2.44)  and  (2.45)  by 
the  rotation  constant,  which  is  a  function  of  the  vibration 
quantum  number  v: 


B0~B,-a  (tH-j) , 


(2.46) 


where  is  the  rotation  constant  of  a  molecule  which  does  not 
e 

vibrate,  a  is  a  constant  which  does  not  exceed  several  hundredths 
relative  to  B_. 


It  can  be  seen  from  (2.46)  that  By  decreases  linearly  as 

v  increases.  This  is  due  to  the  fact  that  the  distance  between 
the  atoms  in  a  vibrating  molecule  increases,  and  consequently 
the  moment  of  inertia  also  increases,  and  the  constant  By  de¬ 
creases  [see  formula  (2.7)].  From  (2.44)  and  (2.45)  we  obtain 


£*-£'  =  iv-2:,  +  W(j'+  l)-B,.j'  </'  + 1). 


(2.47) 


The  quantity  Ey„  -  Ey,  -  vQ0  determines  the  frequency  of  a  pure 

vibration  transition,  or  the  frequency  of  the  so-called  zero 
line  which  would  be  obtained  if  j"  m  j’  m  0,  The  transition 
which  corresponds  to  the  zero  line  is  not  allowed  by  the  selec¬ 
tion  rules.  The  position  of  this  line  is  determined  computa¬ 
tionally. 

Since  the  first  difference  in  (2.47)  is  much  larger  than 
the  second  difference,  the  position  of  the  vibration-rotation 
band  in  the  spectrum  is  determined  by  the  zero  line. 

In  contrast  to  the  pure  rotation  spectra  for  the  trans¬ 
itions  determined  from  formula  (2.47),  we  must  consider  not 
only  the  values  Aj  =  j"  -  j’>  0,  but  also  the  values  Aj<0, 
and  in  individual  cases  also  Aj  =  0.  Then 

when  Aj  =  j"  -  j1  =  +  1  the  transition  form  an  R  branch, 

when  Aj  **  j"  -  j’  =0  the  transitions  form  a  Q  branch  (2.48) 

when  Aj  «  j"  -  j'  =  -  1  the  transitions  form  a  P  branch 
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The  transitions  with  Aj  -  +  1  correspond  to  frequencies 
which  exceed  the  transitions  with  Aj  *  ~  1  correspond  to 

frequencies  less  than  vQ0  (Fig.  2.3).  Therefore,  the  branches 

R  and  P  are  called  the  positive  and  negative  branch,  respectively. 

The  transitions  with  Aj  =  0  (Q  branch)  in  two-atom  molecules 
are  resolved  only  when  the  electronic  moment  of  momentum  is 
different  from  zero  (for  example  in  an  HO  molecule) .  For  the  Q 
branch,  we  obtain  from  (2.47)  for  the  transition  frequency 


v,  =  Voo+(B,.-B,') /(/+!)•  (2.49) 


Since  the  difference  By„  -  By,  is  very  small,  the  lines  of  the 
Q  branch  lie  very  close  to  one  another. 


.  1 1 1 1 IIIIIUIIIHIIII 
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Fig.  2.3.  Configuration  of  energy  jumps  in 
the  vibration-rotation  band 
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1;  It  is  customary  to  divide  the  infrared  absorption  bands 

jr  into  parallel  (denoted  by  the  symbol  ||)  and  perpendicular 

l  (denoted  by  the  symbol  jl)  bands.  Parallel  bands  are  bands 

which  occur  when  the  direction  of  the  transition  dipole  moment 
[  coincides  with  the  selected  molecular  axis  of  symmetry.  Per- 

pendicular  bands  are  defined  analogously. 

|  We  pass  on  to  characterize  the  fine  structure  of  vibration- 

j.  rotation  molecular  bands ,  which  differ  in  rotation  properties 

j  (linear,  of  the  spherical,  symmetric  and  asymmetric  gyroscope 

}  types) . 

j 

\  1.  Linear  Multi-Atom  Molecules.  The  position  of  the 

•  rotary  lines  in  the  case  of  a'l'in'ear  multi-molecule  is  de¬ 
termined  by  a  formula  which  is  analogous  to  (2.47),  but  now 

the  rotation  constants  depend  on  all  rotation  quantum  numbers  of 
;  the  molecule: 


. —  2  «.(»*+  2  * 


(2.50) 


where  gj^  is  the  degeneration  multiplicity  of  the  i-th  vibration. 

For  perpendicular  bands  the  selection  rules  in  the  case 
considered  resolve  the  transitions  in  all  three  branches  (R, 

Q  and  P  branches) .  In  the  case  of  parallel  bands  there  is  no 
Q  branch,  and  the  bands  themselves  are  analogous  in  structure 
to  the  bands  of  a  two-atom  molecule,  without  an  electronic 
moment  of  momentum.  Among  the  main  vibration-rotation  bands 
of  linear  molecules,  both  parallel  and  perpendicular  bands 
are  encountered.  For  bands  which  correspond  to  the  vibrations 
in  the  direction  of  valent  connections  between  the  atoms,  the 
dipole  moment  is  oriented  along  the  molecular  axis  (parallel 
bands).  The  deformation  vibrations  induce  the  perpendicular 
bands.  For  example,  in  the  case  of  C0Q,  the  main  bands, 

-1  ^ 

(001)  with  frequency  «  2349.3  cm  and  (010)  with  frequency 

v2  =  667.3  cm-1  are  the  parallel  and  the  perpendicular  bands 

respectively.  Among  overtones  and  composite  frequencies 
also  both  parallel  and  perpendicular  bands  occur.  We  note 
that  the  character  of  the  band  (parallel  or  perpendicular) 
can  be  determined  from  the  outer  form  of  the  band  spectrum. 

In  the  case  of  a  parallel  band,  the  minimum  occurs  around  the 
zero  line,  which  is  due  to  the  absence  of  the  Q  branch.  For  a 
perpendicular  band  the  maximum  occurs  in  the  neighborhood  of 
the  zero  line,  which  is  due  to  the  Q  branch. 


t 

i 

i 
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2.  Molecules  of  the  Spherical  Gyroscope  Type.  In  the  case 
of  molecules  of  the  spherical  gyroscope  type,  the  position  of 
the  rotary  lines  in  the  vibration-rotation  band  are  determined 
by  the  same  type  of  formula  as  in  the  case  of  linear  molecules. 
The  absorption  band  consists  of  R,  Q  and  P  branches.  The  in¬ 
teraction  of  the  molecular  vibration  and  rotation  movements 
causes  the  breakup  of  vibrations  which  degenerated  three  times. 

3 .  Molecules  of  the  Symmetric  Gyroscope  Type.  Molecules 
of  the  symmetric  gyroscope  type  as  well  as  linear  molecules  have 
both  parallel  and  perpendicular  bands,  for  which  different 
selection  rules  are  available.  The  character  of  the  vibration- 
rotation  spectrum  is  more  complex  than  in  linear  molecules  and 
molecules  of  the  spherical  gyroscope  type,  in  particular,  if 
the  direction  of  the  dipole  moment  does  not  coincide  with  the 
molecular  axis.  Among  atmospheric  gases  there  are  no  molecules 
of  the  symmetric  gyroscope  type;  hence,  we  will  not  discuss  in 
greater  detail  the  characteristic  of  the  fine  structure  of 
these  molecules. 

4.  Molecules  of  the  Asymmetric  Gyroscope  Type.  Molecules 
of  this  type  have  the  most  complex  rotation  and,  consequently, 
vibration-rotation  spectra.  The  dependence  of  the  rotation 
constants  A,  B  and  C  on  the  vibration  quantum  numbers  has  a 
character  which  is  analogous  to  (2.50).  In  the  special  case  of 
a  three-atom  molecule 


B~Bt—  aBi  (I'i  +  'g-)  — ant { H- )  — <xbs (t/a  +  '5‘)  *  (2.51) 

C  =  C,— ac1(t>i  +  j)  —  «c*(»2-!-y)  —  aca^s'l-y)  • 


The  constants  a  can  be  er^ressed  in  terms  of  the  anharmonicity 
constants. 

The  selection  rules  for  transitions  in  the  molecules  under 
consideration  depend  on  the  axes  along  which  the  dipole  transition 
moment  is  oriented.  In  the  general  case  we  obtain  three  types 
of  bands:  type  A,  type  B  and  type  C  (the  dipole  moment  is 
oriented  respectively  along  the  a-axis,  b-axis,  and  c-axis) . 

In  the  case  of  a  symmetric  three-atom  molecule  XY2,  the  dipole 

moment  is  oriented  either  along  the  molecular  axis  of  symmetry 
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or  along  the  axis  which  is  perpendicular  to  it  and  which  lies 
in  the  plane  of  the  molecule.  In  the  process,  perpendicular 
and  parallel  bands  may  arise.  For  the  special  case  of  a  water 
molecule,  the  molecular  axis  coincides  with  the  axis  of  the 
central  moment  of  inertia,  parallel  bands  belong  to  type  B, 
and  perpendicular  bands  to  type  A.  Most  HgO  bands  are  per¬ 
pendicular  . 

The  interaction  between  the  vibration  and  rotation  move¬ 
ments  of  the  molecules  have  an  important  effect  on  the  nature 
of  the  vibration-rotation  structure  of  molecular  bands  of  all. 
types  and  on  the  position  of  individual  lines,  their  fora  and 
intensity.  To  solve  exactly  the  problem  of  the  position  of 
the  lines  of  the  fine  structure  the  anharmonicity  of  the  vibra 
tions,  the  centifugal  molecular  expansion,  the  resonance  per¬ 
turbation  of  energy  levels  and  the  effects  of  Coriolis  forces 
must  be  taken  into  account.  Taking  into  account  correctly  all 
these  effects  is  a  very  difficult  and  complex  problem. 


4.  Electronic  Energy  And  Electronic  Spectra  of  Molecules 

The  systematics  of  molecular  electronic  energy  levels  and 
the  selection  rules  for  electronic  transition  are  rather  com¬ 
plex.  Keeping  this  in  mind,  and  also  taking  into  account  that 
in  the  visible  and  infrared  electromagnetic  wave  region  which 
interests  us,  all  atmospheric  gases  except  oxygen  do  not  have 
electronic  spectra;  we  do  not  consider  it  useful  to  study  in 
detail  the  problem  of  electronic  energy  and  electronic  molecu¬ 
lar  spectra.  With  regard  to  the  oxygen  absorption  spectrum  in 
the  visible  regions,  a  description  will  be  given  later. 

We  note  that  in  spite  of  the  great  complexity  of  calcu¬ 
lating  quantitatively  the  electronic-vibration-rotation  spectrum, 
it  must  be  considered  as  the  most  promising  way  of  investiga¬ 
ting  correctly  the  vibration-rotation  spectra.  This  problem 
will  be  discussed  in  greater  detail  in  the  next  chapter. 


5.  Form  of  a  Spectral  Line 

When  we  considered  the  transitions  between  the  discrete 
molecular  energy  levels,  we  assumed  that  the  absorption  or 
emission  processes  associated  with  these  transitions  are 
fully  characterized  by  certain  frequencies.  The  spectra  which 
were  obtained  as  a  result  of  these  transitions  were  assumed  to 
consist  of  individual  monochromatic  lines.  However,  in  fact, 
for  a  number  of  reasons  we  are  never  dealing  with  strictly 
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monochromatic  lines.  Real  lines  have  a  shape  which  is  completely 
determined,  the  form  of  which  depends  on  conditions  under  which 
the  light  is  absorbed  or  emitted  by  the  molecules. 

Under  the  earth’s  atmospheric  conditions  the  form  of  the 
spectral  line  contour  is  mainly  determined  by  the  action  of 
the  following  three  effects:  1)  radiation  damping,  2)  Doppler 
effects  and  3)  molecular  collision  effects. 

1.  Natural  broadening  of  the  spectral  line.  The  transition 
of  a  molecule  from  a  particular  quantum  energy  state  into  another 
occurs  in  a  finite  time  interval.  This  results  in  the  vibration 
process  which  accompanies  this  transition  in  being  an  infinite 
set  of  frequencies  a  particular  spectral  interval,  which 
follows  irom  classical  emission  theory.  The  width  of  this  in¬ 
terval  depends  on  the  time  at  which  the  molecule  is  in  an  ex¬ 
cited  state.  If,  during  the  absorption  or  emission  by  molecules 
with  a  definite  frequency,  they  are  not  subjected  to  any  external 
effects,  the  emission  (absorption)  intensity  distributions  ob¬ 
tained  by  frequencies  will  be  the  natural  contour  of  the  spec¬ 
tral  line.  Quantum  mechanics  gives  the  following  expression 
for  this  contour  (Fig.  2.4,  curve  2): 


«.  /  .\  *  Yl» 

k(v)-  n  voi* +  vjy  ’ 


(2.52) 


where 


VN  ""  2 nx 


(2.53) 


is  the  so-called  natural  width  of  the  line,  Vq  is  the  frequency 

at  the  center  of  the  line,  or  the  transition  frequency  for  the 
hypothetical  case  which  corresponds  to  the  time  when  the  mole¬ 
cule  is  in  an  excited  state,  t  =  ®. 


By  the  width  of  a  line  we  will  mean  the  spectral  interval 
between  the  points  of  the  contour  v^,  Vg  which  satisfies  the 

condition 


*(v,)=A(va)  =  -U(v0). 


(2.54) 


«*'»«•'’ 
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Fig.  2.4.  The  form  of  line  contours  induced 
by  broadening  due  to  the  Doppler 
effect  (1)  and  the  collision  ef¬ 
fect,  or  the  radiation  damping  ef¬ 
fect  (2) ,  when  the  intensities  and 
width  of  the  lines  are  equal 

Expression  (2.52)  is  often  called  the  dispersion  or 
Lorentz  contour.  We  note  that  usually  when  we  talk  about  the 
dispersion  contour,  we  have  in  mind  the  contour  of  the  line 
which  is  obtained  when  the  collision  effect  is  studied. 

The  quantity  yN  is  very  small  for  atmospheric  gases.  In 

fact,  the  most  probable  value  of  t  for  vibration  and  rotation 
molecular  transitions  in  atmospheric  gases  is  on  the  order 
of  0.1  sec.  For  such  a  value  of  t  the  quantity  yR  =  3*10-11cm_1 

[3],  This  value  is  negligibly  small  in  comparison  to  the  width 
of  the  line  induced  both  by  the  Doppler  effect  and  the  collision 
effects.  Therefore,  in  visible  and  infrared  wave  propagation 
problems  in  the  atmosphere  the  natural  broadening  of  the  spec¬ 
tral  lines  is  not  taken  into  account. 


I  2.  Broadening  of  the  spectral  line  due  to  the  Doppler 

r  ;  TSfTeci - 

I  f 

4  *  Assuming  the  validity  of  thermodynamic  equilibrium  for 

i  (  successive  degrees  of  freedom  of  the  molecule  when  the  Maxwell 

*  i  molecular  velocity  distribution  holds  for  the  contour  of  the 

*  |  spectral  line  (Fig.  2.4,  curve  1)  in  which  widening  is  induced 

I  only  by  the  Doppler  effect,  we  obtajr  the  following  expression: 

i  i 
s  i 


(2.63) 


where  S  is  the  intensity  of  the  line,  which  will  be  determined 
in  the  next  paragraph, 


etc  = 


ve.1/2W§ 
e  V  m 


(2.56) 


io  the  Doppler  half -width  of  the  line;  T  is  the  absolute  tem¬ 
perature,  m  is  the  molecular  mass;  c  is  the  velocity  of  light; 
k  is  the  Boltzman  constant. 

It  can  be  seen  from  (2.56)  that  otp  is  a  function  of  vQ, 

m  and  T.  The  temperature  in  the  lower  part  of  the  atmosphere 
(troposphere  and  stratosphere)  varies  on  the  average  by  not 
more  than  a  factor  of  1.5.  Thus,  for  a  given  spectral  line 
(v0  -  const,  m  -  const)  can  vary,  as  the  temperature  varies, 

approximately  within  the  limits  +  15%  of  tht<  mean  value,  which 
corresponds  to  the  mean  temperature. 

Two  extreme  values  of  B  are  given  in  [3]  for  the  atmos¬ 
pheric  conditions  when  T  -  300°  K: 

1)  For  the  forbidden  atomic  oxygen  line  with  wavelengths 
about  5577  A 


an=s3,3'10'*  cm'1,  Key:  a.  cm 


2)  For  the  HgO  line  of  the  rotation  band,  about  200  cm 

oo  =  3,5*10-4  cm'1.  Key:  a.  cm-1 


3.  Broadening  of  Spectral  Lines  Due  to  Molecular  Collisions. 

The  interaction  of  a  light  absorbing  or  emitting  molecule 
with  the  neighboring  molecules  leads  to  the  deformation  of  the 
energy  levels  and  the  related  broadening  of  the  spectral  lines. 

It  is  clear  that  this  interaction  must  depend  on  pressure. 
Therefore^  the  effect  couiJdered  is  often  called  the  broadening 
effect  due  to  pressure  or  the  collision  effect.  If  these  ab¬ 
sorption  or  emission  processes  take  place  in  a  pure  gas,  we 
sometimes  speak  of  the  self-broadening  effect  of  the  lines. 
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An  exact  solution  of  the  problem  dealing  with  the  effect 
of  molecular  collisions  on  the  broadening  of  spectral  lines, 
taking  into  account  all  characteristics  of  the  collisions  has, 
so  far,  not  been  obtained.  In  all  cases  only  double  molecular 
collisions  are  considered  and  those  where  the  interacting 
molecular  forces  have  a  complex  character  are  described  by  the 
interaction  models  dipole-dipole,  dipole-quadrupole ,  dipole- 
induced-dipole. 

Depending  on  the  value  of  the  phase  shift  in  the  molecular 
absorption  or  emission  process  caused  by  the  collision  with 
another  molecule,  we  distinguish  weak  and  strong  collisions. 

The  collisions  studied  in  kinetic  theory  belong  to  the  strong 
type.  The  first  theories  of  broadening  spectral  lines  during 
molecular  collisions  took  only  into  account  strong  collisions. 
Among  these  theories  we  first  mention  the  Lorentz  theory  [55] 
which  he  developed  as  early  as  1906.  The  results  of  this  theory 
are  still  widely  used. 

According  to  the  theory  of  strong  collisions,  the  center 
of  a  spectral  line  is  not  displaced  when  the  colliding  molecules 
interact.  In  contrast  during  weak  collisions,  the  center  of 
the  line  is  displaced.  Under  real  conditions  only  strong 
and  weak  collisions  occur.  Applied  to  atmospheric  conditions 
(the  pressure  P<1  atm)  in  the  visible  and  infrared  regions  of 
the  spectrum  the  contours  of  the  lines  which  are  obtained  from 
the  theory  of  strong  collisions  describe  satisfactorily  the 
central  part  of  the  spectral  lines,  the  centers  of  which  are 
not  displaced  when  the  pressure  changes. 

From  the  standpoint  of  quantum  mechanics,  when  the  col¬ 
liding  molecules  interact,  the  energy  jump  can  occur  in  both 
molecules.  It  is  customary  to  call  the  collisions  which  are 
accompanied  by  energy  jumps  nonadiabatic  collisions.  By 
adiabatic  collisions  are  meant  those  collisions  for  which  only 
the  energy  of  the  levels  changes.  Given  this  collision  clas¬ 
sification,  the  weak  collision  can  be  considered  as  adiabatic 
collisions. 

From  qualitative  considerations  it  follows  that  the  theory 
of  nonadiabatic  collisions  describes  best  the  cases  where  the 
probabilities  of  the  jumps  are  large.  On  the  other  hand,  the 
theory  of  adiabatic  collisions  is  more  suitable  for  describing 
transitions  with  small  probabilities.  For  atmospheric  condi¬ 
tions  in  the  infrared  region,  the  transition  probabilities  of 
the  molecules  are  large;  hence,  here  the  theory  of  nonadiabatic 
collisions  is  preferable;  An  example  of  a  widely  used  theory 
for  calculations  from  this  class  is  the  Anderson  theory. 
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In  addition  to  the  classifications  of  the  theories  of 
spectral  line  broadening  due  to  pressure,  we  should  also  note 
that  all  theories  are  divided  into  shock  theories  and  statistical 
theories.  In  shock  theories  it  is  assumed  that  the  duration 
of  the  collisions  between  the  molecules  is  negligibly  small 
compared  to  the  time  between  collisions.  In  statistical  theories 
we  study  the  distribution  of  the  energy  levels  of  the  molecule 
at  rest,  which  was  caused  by  its> interaction  with  all  other 
molecules . 

Since  the  most  widely  used  theory  which  describes  the 
broadening  effect  of  spectral  lines  due  to  molecular  collisions 
in  atmospheric  gases  in  the  visible  and  infrared  regions  are 
the  Lorentz  and  Anderson  theories,  we  will  only  give  the  re¬ 
sults  of  these  theories. 

The  Lorentz  theory  for  the  contour  of  the  spectral  ab¬ 
sorption  line  gives  the  well-known  expression: 


«  !  .  s  V  L 

A(v)=T{v-v  o)* +yI  ’ 


(2.57) 


which  is  often  called  in  the  literature  the  dispersion  contour, 
or  the  Lorentz  contour.  In  (2.57),  S  is  the  line  intensity, 
v*0  is  the  position  of  the  line  center  and 

(2.58) 


is  the  halfwidth  of  the  line. 

Here  t(v)  is  the  excited  state  lifetime  of  the  absorbing 
or  emitting  molecule,  which  depends  on  its  velocity  v. 

To  find  y^,  we  must  take  into  account  the  relation  t(v). 

Usually  yl  is  found  as  the  width  of  the  line  which  corresponds 

to  the  mean  value  t(v)  =  t.  In  this  case  we  obtain  from  the 
kinetic  theory  of  gases  the  expression 


<2.59) 
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where  r^  is  the  molecular  concentration  of  the  i-th  type, 

ai  is  the  effective  distance  between  the  emitting  or  absorbing 

molecule  and  the  molecule  of  the  i-th  type,  m  and  are  the 

masses  of  the  aforementioned  molecules.  By  an  effective  dis¬ 
tance  we  mean  such  distance  for  which  the  molecular  interac¬ 
tion  effect  leads  to  a  widening  of  the  spectral  line. 

In  any  gas  mixture  the  molecular  concentration  n^  is 

proportional  to  the  pressure.  Thus,  it  follows  from  (2.59), 
that  the  width  of  the  line  is  proportional  to  the  pressure. 
Since  the  pressure  under  atmospheric  conditions  varies  within 
wide  limits,  the  relation  between  y^  and  P  is  very  important. 

The  relation  between  y^  and  a  is  also  very  important  since  the 

quantity  a  depends  not  only  on  the  type  of  the  colliding 
molecular  pair,  but  also  on  the  molecular  energy  level,  or  the 
rotation  quantum  number  j .  With  regard  to  the  dependence  of 
on  the  temperature,  it  is  rather  weak.  In  the  study  of  many 

visible  and  infrared  wave  propagation  problems  in  the  atmo¬ 
sphere,  it  can  be  ignored.  In  the  subsequent  discussion  we 
will  often  refer  to  the  question  of  the  dependence  of  yL  on 

various  quantities. 

For  the  case  of  a  two-component  mixture  for  y^  we  obtain 
the  simpler  expression 


vt=T{2”*J'[^«(|),'‘+W(s;+i),'‘]}'".  (2.60) 


where  the  subscripts  a  and  b  refer  to  the  absorbing  and  non¬ 
absorbing  molecules,  N&  and  are  the  number  of  molecules 

a  and  b  per  unit  volume,  Dfta  and  Dab  are  the  sums  of  the  optical 

collision  diameters  between  the  molecules  a  ♦*  a  and  a  *♦  b,  mft 

and  mb  are  the  masses  of  the  molecules. 


Often,  for  a  two-component  mixture, 
even  simpler  form: 


Yl  is  written  in  an 


=  YL 


Li/H 

P0V  T  • 


(2.61) 
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where  is  the  halfwidth  of  the  line  under  standard  conditions 
(P0  -  1  apm,  T0  -  273°K). 

The  theory  of  broadening  spectral  lines  due  to  pressure, 
which  was  developed  in  1949  by  Andorson  [56],  is  a  quantum 
mechanics  nonadiabatic  theory  of  molecular  spectra..  According 
to  this  theory,  it  is  assumed  that  the  transitions  can  take 
place  in  both  colliding  molecules.  The  initial  formula  taken 
for  y^  is  the  fcrmula  for  shock  theory  (2.59);  however,  the 

effective  distances  or  optical  collision  diameters  are  deter¬ 
mined  taking  into  account  possible  energy  jumps  in  the  collid¬ 
ing  molecules.  For  y^  we  obtain  t.ie  following  expression: 

•  (2.62) 


where  n(j2)  is  the  perturbed  molecular  concentration 


'(it /./*)»  i’l  /*,  iti  D+  2  o(ti  ItJv  Itj'Y,  (2.63) 

♦i*  *  V  • 


i,  i'»  j>  j'»  ftre  indices,  which  characterize  the  state  of  the 
absorbing  molecule  for  which  the  transition  i  -»  j  takes  place 
without  interaction  with  the  perturbing  molecule,  j2  and  J2 

are  indices  which  characterize  the  state  of  the  perturbing 
molecule.  The  colliding  molecules  cause  the  transitions 
i  -*  i'  and  j  -*  j*  in  the  absorbing  molecule  and  jz  -*  J2 

in  the  perturbing  molecule. 

Using  Anderson's  theory,  Benedict  and  Kaplan  [57,  58] 
carried  out  a  detailed  calculation  of  the  halfwidth  of  the 
lines  in  a  pure  water  vapor  rotation  spectrum,  when  its  mole¬ 
cules  coincided  with  nitrogen  and  oxygen  molecules.  The  results 
of  the  calculations  have  shown  that  the.  value  of  yl  for  the 

colliding  H20  -  N2  molecules  varied  from  line  to  line  between 

the  limits  0.03  to  0.1  cm""*  at  a  pressure  of  P  *>  1  atm.  The 
more  detailed  data  obtained  in  [57]  and  [58]  will  be  considered 
in  the  next  chapter. 
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■4  >  4 .  The  Joint  Action  of  the  Doppler  and  Molecular  Col¬ 

lision  Effect.  Under  real  conditions  the  Doppler  effect  and 
tfie  effects  of  colliding  molecules  act  simultaneously.  However, 
their  role  differs  considerably  at  different  altitudes,  since 
the  widening  of  the  lines  due  to  the  Doppler  effect  is  in¬ 
dependent  of  pressure.  Maximum  widening  due  to  molecular 
collisions  occurs  in  the  layer  near  the  earth's  surface  and 
decreases  with  the  altitude  proportionally  with  the  decrease 
in  pressure.  In  the  layer  near  the  earth  the  Doppler  width 
of  the  line  is  negligibly  small  compared  to  the  halfwidth  in¬ 
duced  by  the  effects  of  colliding  molecules.  The  width  of 
each  spectral  line  induced  by  collision  effects  at  a  definite 
altitude  in  the  atmosphere  becomes  equal  to  the  Doppler  width. 

As  the  altitude  further  increases,  the  Doppler  width  becomes 
increasingly  larger  in  comparison  with  the  dispersion  width. 

If  we  take  for  the  m^st  probable  value  0.08  cm-*  for 

atmospheric  gases  under  standard  conditions,  the  altitudes  at 
which  y,  -  y«  for  the  extreme  values  Yjj  “  3.3*10“2  cm-1  and 

3.5*10"^  cm“*  (see  para.  2  in  this  section)  turn  out  to  be 
equal  to  7  and  37  km.  For  narrower  dispersion  lines  these  al¬ 
titudes  will  be  correspondingly  lower  and  vice  versa.  As  we 
have  seen  from  the  estimates  which  were  given,  taking  into 
account  the  joint  effect  in  the  broadening  of  spectral  lines, 
may  become  necessary,  in  individual  cases,  already  starting  with 
the  upper  troposphere  layers. 

The  joint  study  of  the  two  effects  on  the  broadening  of 
spectral  lines  leads  to  the  following  expression  for  the  ab¬ 
sorption  coefficient: 


i 

i 

* 

k 

i 

1  where 

* 

» 

l 


I 


*«-*•  J 


y* +(*-<)* 


— n* 
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y*=  Y“(,n2)v‘: 


x  = 


V  — Vp 

VO 


(ln2)*/1, 


(2.65) 
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S  is  the  line  intensity,  and  Vq  is  the  center  of  the  line. 

5.  The  Form  of  the  Tails  of  the  Lines.  It  can  be  seen 
from  Fig. ”‘771  that  at  the  tails  the  Doppler  contour  of  the 
line  drops  considerably  faster  than  the  dispersion  contour. 
This  means  that  the  far  tails  of  the  lines  in  the  case  of  the 
joint  Doppler  and  molecular  collision  effect  must  be  disper¬ 
sion  contours.  However,  the  problem  whether  the  dispersion 
contour  describes  correctly  the  far  tails  of  the  lines  cannot 
be  considered  to  be  solved.  If  we  start  out  with  the  quali¬ 
tative  concepts  which  underlie  the  assumptions  made  in  various 
theories  for  the  broadening  of  spectral  lines  due  to  pressure, 
we  should  expect  that  the  form  of  the  far  tails  of  the  lines 
can  be  better  described  by  statistical  rather  than  shock 
theories.  At  the  present  time  not  enough  experimental  data  is 
available  to  make  definite  conclusions  in  favor  of  either 
theory  for  the  tails  of  the  lines.  The  available  results  in¬ 
dicate  that  the  form  of  the  far  tails  can  be  different  for 
different  molecules- 
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6.  intensity  of  a  Spectral  Line 

The  spectral  line  intensity  S  is  written  in  terms  of 
the  absorption  coefficient  k(v): 


00 

$«=  jfc(v)dv. 
o 


(2.66) 


Quantum  mechanics  gives  for  the  intensity  of  a  single 
molecular  transition  from  the  state  with  index  j  into  the 
state  characterized  by  the  index  i  the  following  expression 
[3]s 


st.j: 


nj  Wvi,j\Rt,)\ » 
'gin  3  he 


(i  —  e~hv<-  JlhT), 


(2.67) 


where  n^  is  the  molecular  concentration  in  the  lower  state, 

n  is  ';he  concentration  of  all  molecules,  g^  is  a  statistical 

weight,  j  is  the  transition  frequency,  Ir^  j I 2  is  the  square 

of  the  dipole  moment  matrix  element,  T  is  absolute  temperature, 
h,  k  and  c  are  the  Planck,  Boltzman  constants  and  the  velocity 
of  light. 
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The  matrix  element  of  the  dipole  moment  M  is  expressed 
in  terms  of  the  wavestate  functions  of  the  molecule  ^  and 


Ri,j-  j 


(2.68) 


'  In  (2.68)  the  integration  is  carried  out  over  the  entire  con- 

-  figuration  space,  and  dv  is  an  element  of  this  space.  The 

\  wave  functions  are  obtained  from  the  solution  of  the  Schrodinger 

|  equation. 

r 

The  wave  functions  satisfy  the  orthogonality  condition 

i 

j  i'i'pjdv  =  Q(i^j).  (2.69) 


From  (2.69)  and  (2.68)  when  M  =  const,  we  obtain 


M  j  Tjjfyj  dv  —  Q. 


(2.70) 


The  last  relation  is  the  basis  for  the  proposition  which 
we  used  earlier,  namely  that  the  transition  of  a  molecule  from 
one  energy  state  into  Another  during  dipole  emission  occurs 
only  when  the  dipole  moment  changes.  We  note  that  light  emis¬ 
sion  or  absorption  may  occur  not  only  during  the  dipole  inter¬ 
action  of  the  electromagnetic  field  with  the  particle.  When 
the  magnetic  dipole  or  electrical  quadrupole  of  the  molecule 
changes, which  accompanies  the  energy  jump,  spectral  lines  also 
appear.  However,  the  intensity  of  these  lines  is  very  small. 

The  transitions  which  are  related  to  the  changes  in  the  elec¬ 
trical  dipole  moment  of  the  molecule  yield  a  line  intensity 
which  is  greater  on  the  order  of  105  and  10°  than  in  cases 
when  the  magnetic  dipole  and  electric  quadrupole  moments  change. 


The  matrix  elements  R.  .  are  related  to  the  well-known 

*  9  J 

Einstein  coefficients  A.  .,  which  characterize  the  probability 

^  >  3 

of  a  forced  emission  and  absorption  between  the  molecular  levels 
with  the  subscript  i  and  j: 


•i  .}  =  ■ 


64n4vfi  j 
3hgtc* 
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We  note  that  for  electrical  dipole  emission  the  quantity 

8  —1 

j  is  on  the  order  of  10  ,  10  and  1  sec"  for  electronic, 
vibration  and  rotation  emissions,  respectively. 

The  most  difficult  problem  in  determining  the  line  in¬ 
tensities  is  finding  the  squares  |r^  . |2  of  the  matrix  elements. 


7.  General  Characterization  of  Absorption  Spectra  of 

Atmospheric  Gases 

We  first  note  that  we  are  interested  in  atmospheric  gas 
absorption  spectra  in  the  visible  and  infrared  regions.  We 
will  consider  both  the  spectra  of  the  principal  absorbing  gases 
(water  vapor,  carbonic  acid,  ozone)  as  well  as  the  spectra  of 
gases,  the  contribution  of  which  to  the  total  absorption  in  the 
visible  and  infrared  emission  in  the  atmosphere  is  less  im¬ 
portant,  in  some  cases  due  to  the  relative  smallness  of  the 
absorption  coefficient  (oxygen) ,  and  in  other  cases  due  to  the 
low  concentration  (methane,  carbon  monoxide,  nitrous  oxide). 

The  main  component  of  the  atmosphere,  nitrogen,  has  absorp¬ 
tion  bands  only  in  the  far  ultraviolet  region. 

The  general  picture  of  the  absorption  spectrum  of  the 
earth's  atmosphere  is  represented  in  Fig.  2.5  which  is  taken 
from  [3]. 

We  will  now  consider  the  absorption  spectra  of  the  in¬ 
dividual  components  in  the  atmosphere. 

1.  Water  Vapor.  A  water  molecule  is  an  isosceles  tri¬ 
angle  with  the  oxygen  atom  at  its  vertex  (Fig.  2.6).  The  angle 
between  the  bonds  O-H  is  equal  to  104°30'.  The  distance 
between  the  oxygen  and  hydrogen  atoms  is  0.958  A.  The  electronic 
jumps  in  the  HgO  molecule  occur  in  the  region  with  wavelengths 

less  than  1860  A  (the  distant  ultraviolet  region) . 

The  vibration-rotation  water  vapor  absorption  spectrum  is 
exceptionally  complex.  This  is  primarily  explained  by  the  fact 
that  the  moments  of  inertia  of  the  molecule  relative  to  the 
three  principal  axes  of  the  inertial  ellipsoid  differ  considerably 
(they  are  equal  to  Cfa~  1.004-10-*;  1,  929;iq-40;  Jc = 3,014 

In  this  case  the  rotation  structure  of  these  spectra  of  mole¬ 
cules  of  the  asymmetric  gyroscope  type  turns  out  to  be  chaotic 
and  complex.  Fig.  2.6  shows  the  axes  a,  b  and  c,  with  respect 
to  which  the  moment  of  inertia  3a,  gb\  jc\  of  the  HgO  molecule 
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Fig.  2.5.  General  picture  of  atmospheric  gas  absorp¬ 
tion  spectrum 

a.  emission  curves  of  absolute  black  body 
at  temperatures  6000  and  245°K;  b.  absorption 
spectrum  of  solar  radiation  reaching  the  surface 
of  the  earth;  c.  spectrum  of  solar  radiation 
reaching  a  height  of  11  km  (the  spectra  b  and  c 
were  obtained  for  medium  widths  for  a  zenith  dis¬ 
tance  of  the  sum  of  40°  under  the  most  probable 
conditions. 

Key:  a.  normalized 

b.  wavelength,  p 

c.  absorption 

d.  HgO  (rotation  band) 


are  defined.  The  absolute  values  of  the  moments  of  inertia  are 
not  large,  since  the  molecule  contains  two  hydrogen  atoms. 
Therefore,  the  distance  between  the  rbtary  lines  is  large. 
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Fig.  2.6.  Structural  diagram  of  HgO  molecule 


The  large  values  of  dipole  moments  in  the  HgO  molecule 

and  its  isotopes  is  the  reason  for  the  intense  rotation  spec¬ 
trum.  The  dipole  moment  U  of  the  HgO  molecule  and  its  isotopes 

are  equal  to  :  -  1.94D  for  HgO,  =  1.87D  for  DgO, 

11  -  0.64D  and  M.  -  1.70D  for  HDO. 

a  b 

In  the  solar  spectrum  the  lines  of  the  following  four  water 
isotopes  have  been  discovered:  HgO16,  HgO18,  HgO17  and  HDO16, 

which  are  present  in  the  atmosphere  in  the  proportions  99.73, 

0.2039,  0.0373  and  0.0298.  The  rotation  and  vibration  constants 

of  the  first  three  isotopes  differ  slightly.  The  lines  of  the 

18  16 
Ho0  molecule  are  shifted  relative  to  the  corresponding  Ho0 

z  -1  17  £ 

lines  by  1  to  11  cm  .  For  the  H„0  molecule  this  shift  is 

twice  as  large  [3],  The  rotation  constants  for  the  Ho0  and 

16  ^ 

HDO  molecule  are  given  in  Table  2.4. 

TABLE  2.4 

ROTATION  CONSTANTS  OF  THE  HH016  AND  HDO16 
MOLECULES  IN  THE  FUNDAMENTAL  STATE  (cm-1)  [3] 


0«h  ^ 

imoii 

HDOM 

a 

27,79 

23,38 

b 

14,5! 

9,06 

e 

9,29 

6,38 

Key:  a.  axis 
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The.  pure  rotation  absorption  spectrum  of  water  vapor  oc¬ 
cupies  a  very  wide  region  approximately  from  8  fi  up.  to  several 
centimeters  of  the  wavelength. 

Beside  the  three  fundamental  vibration-rotation  bands,  the 
origin  of  which  is  induced  by  the  fundamental  vibrations  with 
frequencies  ,  v2  and  Vg  (Table  2.5),  a  large  number  of  over¬ 
tone  bands  and  combined  frequencies  in  the  visible  and  infra¬ 
red  regions  are  found  in  the  vibration-rotation  HgO  spectrum 

(Table  2.6,  2.7). 


TABLE  2.5 

FUNDAMENTAL  BAND  FREQUENCIES  OF  THE 
h2o  MOLECULE  [3] 


Ols 

Jr 

UeHtp  no/iocw,  cu-l  ( 

rio;ioc» 

nepexofl 

HHO>* 

IIDOH 

Vj 

000-100 

3657,05 

2723,66 

v2 

!  000-010 

1594,78 

1403,3 

V3 

|  000-001 

3755,92 

1  3707,47 

Key:  a.  band 

b.  transition 

c.  band  center,  cm 


Fig.  2.7  gives  the  configuration  of  the  fundamental  molecu 
lar  vibrations  which  induce  the  frequencies  ,  v2  and  Vg. 


Fig.  2.7.  Diagram  of  fundamental  vibra¬ 
tions  for  the  HgO  molecule 
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TABLE  2.6 


h2o  BANDS  IN  THE  VISIBLE  REGION  OF  THE 
SPECTRUM  [3] 


UcilTp  flMOCU  fc 

c 

- 3 — 

ItHTeHCVtHOCTh, 

r?tp«xoA 

|  CM~t  ^ 

MKU  ^ 

Tun 

CM 

000—411 

18  394 

0,54 

A 

2.10-M 

000-203 

17  495 

0,67 

A 

1  * I0-** 

000-401 

16899 

0,59 

A 

3.10-« 

000-302 

16898 

0,59 

B 

3-10-** 

000-321 

16822 

0,59 

A 

2-10-** 

000-113 

15832 

0,63 

A 

2-10-M 

000-311 

15  348 

0,66 

A 

2-10-** 

000-103 

14  319 

0,69 

A 

M0-« 

000-400 

14221 

0,70 

B 

MO-** 

000-301 

•13831 

0,72 

A 

3-10-** 

000-202 

13828 

0,72 

B 

2.10-** 

000-221 

13  653 

0,73 

A 

6.10-*« 

000-013 

12565 

0,79 

A 

MO-** 

000-112 

12  408 

9,81 

B 

6-10-M 

000-211 

12151 

0,82 

A 

6.10-** 

000-210 

12  140 

0,82 

B 

M0-** 

000-131 

11813 

0,85 

A 

2-10-M 

Key:  a.  transition 

b.  band  center 

c .  type 

d.  intensity,  cm 

e.  cm"1 

f .  u 

The  deformation  vibration  Vg  has  the  lowest  frequency.  The 

molecular  transitions  associated  with  the  fundamental  frequencies 
V1  and  v3  for  overlapping  bands,  in  the  region  of  which  lies 

the  first  overtone  of  band  Vg.  The  overlap  of  the  bands 

v3  and  2Vg  causes  a  complex  interaction  between  the  corresponding 
energy  levels. 
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TABLE  2.7 

H20  fcANDS  IN  THE  NEAR  INFRARED  REGION 
OF  THE  SPECTRUM  [3] 


cu 

rtoioci 

b 

n«pe*o* 

Ucktp  naiocu  j 

!  d 

Tun 

e- 

MurCHCHINOCTfe, 

CM 

“'■f  1 

MKM$ 

000-003 

11032 

0,91 

A 

2-10-** 

P  t 

000-102 

10869 

0,92 

B 

4. \0-tt 

_  f 

000-201 

10613 

0,94 

A 

M0-*® 

1 

000-300 

10600 

0,94 

B 

6.10-** 

000-121 

10329 

0,97 

A 

2-10-** 

000-220 

10  284 

0,97 

B 

<4.10-** 

1  000-041 

'9  834 

1.01 

A 

6-10-** 

000-012 

9  000 

1,11 

B 

3-10-J* 

1 

000-121 

8  807 

1,13 

A 

8-10-** 

9  < 

000-210 

8  762 

1,14 

B 

M0-*» 

I 

000-130 

8274 

1,20 

B 

7-10-M 

1 

000-031 

8  374 

1,19 

A 

3-10-** 

000-002 

7445 

1,34 

B 

1 • 10~»* 

J 

000-101 

7250 

1,37 

A 

1,5-10-** 

*  4 

000-200 

7201  ! 

1,38 

B 

1.5-10-*® 

| 

000-021- 

6871 

1,45 

A 

mo-*® 

000-120 

6775 

1,47 

B 

2.10-** 

n  f 

000-011 

5331 

i  ,87 

A 

2.2-10-** 

0  I 

000-110 

5235 

1,91 

B 

7-10-** 

000-030 

4  067 

2,14 

B 

3.10-** 

Key: 


a. 

b. 


c. 

d. 


e. 

f. 
g- 


band 

transition 
band  center 
type 

intensity,  cm 

cm"1 

H 


In  addition  to  the  fundamental  bands,  overtones  and  com¬ 
posite  frequencies  in  the  solar  spectrum  there  are  upper 
statt  bands  in  which  the  vibration  transition  does  not  occur 
from  the  fundamental  state  (Table  2.8). 

The  upper  state  band  intensity  depends  considerably  on  the 
temperature,  since  the  density  of  the  corresponding  vibration 
levels  of  the  HgO  molecule  depend  on  it  to  a  very  large  extent. 
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I  The  density  of  the  fundamental  vibration  state  can  be  assumed 

I  not  to  depend,  for  all  practical  purposes  on  the  temperature. 


TABLE  2.8 

h2o  UPPER  STATE  BANDS  [3] 


O' 

ricpexoA 

MtCTOTI  b 

c 

Tim 

UHTCXCMIlKOCTh  C 
<npn  259*  K), 

CM 

tM-t  Q 

MKM  £ 

010-001 

2161,14 

4,62 

A 

2.10-** 

010-100 

2062,27 

4,84 

B 

8.10-** 

010-020 

1556,82 

6,42 

B 

9.10-** 

010-010 

0-500 

00 -20 

B 

4,6.10-*0 

Key: 


a. 

b. 

c. 

d. 

e. 

f . 


transition 

frequency 

type 

intensity  (at  259°K) ,  cm 

cm-1 

l-L 


As  we  already  have  noted  the  vibration-rotation  spectra 
of  HHO18  and  HHO1  water  isotopes  are  similar  to  the  HHO16 
spectrum,  only  these  are  slightly  shifted.  The  intensity 
ratios  of  the  lines  of  these  isotopes  and  the  HHO18  lines 
correspond  to  their  concentration  ratios.  The  HDO16  bands 
(Table  2.9)  differ  noticeably  from  the  HHO18  bands. 


An  analysis  of  the  vibration-rotation  spectrum  of  water 
vapor  shows  that  the  most  intense  and  widest  absorption  band 
is  the  fundamental  band  Vg,  which  corresponds  to  the  deforma¬ 
tion  vibration  of  the  molecule.  The  center  of  this  band  lies 
near  the  wavelength  6.25  |i.  In  the  literature  this  band  is 
often  called  the  6.3  n  band.  In  the  vertical  column  of  the 
atmosphere,  this  band  completely  absorbs  the  radiation  from 
the  sun  in  the  wavelength  range  approximately  from  5.5  to  7.5  |i 
[59].  The  center  of  the  band  with  the  next  intensity  is 

around  2.66  p.  The  centers  of  the  bands  and  2v2  are  near 

the  wavelengths  2.74  and  3.17  n.  The  bands  Vj>  Vg  and  2v2 
cause  complete  solar  radiation  absorption  in  the  vertical 
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TABLE  2.9 
HDO16  BANDS  [3] 


ou 

n*p«xo* 

I  Micron 

HlTUCNMOCTk,  'M  Q/ 

CM-1  J 

MUM  & 

TIM  A 

KOMnoneirra  Cf 
Tuna  B  ff 

000-010 

1403,3 

7,12 

5.10-** 

2,3.10-** 

000-100 

2723,66 

3,67 

5.10-** 

<5-10-** 

000-020 

2782,16 

3,59 

1,4.10-**  * 

9-10-** 

000-001 

3707,47 

2,69 

3.10-** 

1.4-10-** 

000-110 

4100,05 

2,43 

2.10-**  i 

<  1 • 10'** 

000-030 

4145,59 

2,41 

2-10-**  , 

< 1 • 10“** 

000-011 

5089,59 

1,96 

3.10-** 

1,6.10-** 

000-200 

5363,59 

1,86 

3.10-** 

<2-10-** 

000-101 

6415,64 

1,55 

i.io-** 

9-10-** 

000-021 

6452,05 

1,54 

2.10-** 

<5.10-** 

000-012 

8611,22 

1,16 

5.10-** 

<5.10“*» 

Key: 


a.  transition 

b.  frequency 

c.  intensity,  cm 

d.  cm”1 

e.  >i 

f.  type  A  component 

g.  type  B  component 


>  column  of  the  atmosphere  under  typical  conditions  in  the  spec- 

[  tral  region  approximately  from  2.6  to  3.3  fi.  Other  vibration- 

f  rotation  water  vapor  bands  are  grouped  and  form  in  the  spectrum 
:  obtained  with  small  resolution* absorption  bands  with  centers 

\  around  the  wavelenths  1.87,  1.38,  1.1,  0.94,  0.81,  0.72  |i. 

t  There  are  a  few  weak  bands  in  the  visible  region  of  the  spectrum. 

{ 

k  The  fine  structure  of  the  vibration-rotation  spectrum  of 

I  water-  vapor  is  exceptionally  complex  and  entangled.  Each  band 
I  in  this  spectrum  consists  of  hundreds  or  thousands  of  individual 

|  lines,  the  identification  of  which  is  a  very  complex  problem. 

I  The  use  of  spectral  instruments  even  with  the  highest  resolution 
does  not  always  make  it  possible  to  fully  resolve  all  the  lines 
in  the  fine  structure  of  the  spectrum.  As  an  illustration, 

Fig.  2.8  shows  the  part  of  the  spectrum  of  the  vibration-rota¬ 
tion  H20  band,  the  width  of  which  is  only  0.07  n  in  the  region 


of  the  1.38  )i  band,  which  was  recorded  by  a  high  resolution 
instrument  [60  ].  The  theoretical  calculation  of  the  center 
positions,  the  intensity  and  halfwidths  of  individual  lines 
requires  that  the  complex  interaction  between  the  ..Vibration 
and  rotation  levels  of  the  molecule  be  correctly  taken  into 
account. 


Fig.  2.8.  Absorption  spectrum  of  a  part 

of  the  vibration-rotation  water 
vapor  band  around  1.38  ii  [60] 


2.  Carbon  Dioxide ♦  A  linear  symmetric  C02  molecule 

with  bond  length  C-0  equal  in  the  fundamental  frequency  state 
to  1.1632  A  has  three  fundamental  vibration  frequencies: 

Vj,  v2  and  v3,  which  are  represented  in  Fig.  2.9.  The  rota¬ 
tion  constant  of  the  molecule  in  the  fundamental  vibration 
state  is  equal  to  0.3895  cm"1.  The  deformation  vibration 

is  twice  degenerate.  In  the  latter  case,  in  addition  to  the 
selection  rules  which  were  considered  in  paragraph  3  in  this 
chapter,  the  selection  rules  for  the  vibration  quantum  numbers 
of  the  vibration  moment  of  momentum  must  also  be  taken  into 
account 


At  =  0,  ±  1. 


(2.72) 
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Fig.  2.9.  Fundamental  vibrations  dia¬ 
gram  of  COg  molecule 

Because  of  the  symmetry  of  the  molecule,  the  dipole 
moment  does  not  change  in  the  fundamental  vibration  v^,  so 

that  this  vibration  does  not  occur  in  the  infrared  spectrum. 
The  magnitude  of  the  frequency  is  approximately  twice  as 

large  as  that  of  the  frequency  Vg. 

The  fundamental  vibration-rotation  bands  VgCOO^-Ol1©) 
and  v3 (00°0— 00°1)  are  respectively  perpendicular  and  parallel. 
Thus,  the  band  Vg  does  not  have  a  Q  branch. 

The  statistical  weights  of  the  COg  molecule  levels  with 

even  values  j  are  equal  to  zero.  Therefore,  the  fine  struc¬ 
ture  of  the  vibration-rotation  bands  has  only  lines  with  odd 
j. 


c130216 


The  CO. 
l! 


c12o216. 


molecule  has  the  following  isotopes: 

Cx2016017,  the  content  of  which  in  per¬ 

cent  relative  to  the  total  carbon  dioxide  content  in  the  at¬ 
mosphere  is  equal  t>  98.420,  1.108,  0.0646  and  0.4078%, 


respectively, 
topes . 


In  addition  there  are  two  more  rare  COg  iso- 


Table  2.10  gives  the  positions  of  the  band  centers  Vg 
and  v  of  three  C0g  isotopes,  which  are  found  most  frequently 
in  the  atmosphere  [3], 
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TABLE  2.10 


FUNDAMENTAL  vg  AND  vg  BANDS  OF  THE 
C02  MOLECUIE  [3] 


Cb 

Pi3H0»HAH0CTM 

HSOTOnOt 

b 

npoucitiHoe 

coflepwiiiHc 

UeMip  llQflOCU,  CM- 1  C 

V| 

V| 

Ci*OU(3i« 

98,420 

667,40 

2349,16 

C«»0U0  »* 

1,108 

648,52 

2283,48 

CU0“0‘* 

|  0,408 

662,39 

2333 

Key:  i.  Various  types  of  isotopes 

b.  Percentage  content 

c.  Band  center,  cm"1 


The  fundamental  vibration-rotation  band  with  center 

near  the  wavelength  IS  p  together  with  14  upper  state  bands 

occupies  a  rather  wide  range  of  the  spectrum,  approximately 

from  1?  to  20  p.  In  the  region  of  the  central  part  of  this 

bt \~13.5  -  16.5  p)  the  vertical  atmosphere  column  absorbs 

completely  the  radiation  from  the  sun.  This  entire  set  of 

bands  is  often  called  in  the  literature  the  15.0  p  (Table  2.11)  band. 

Figure  2.10  gives  the  part  of  the  C02  spectrum  for  the  10  p 

band.  It  can  be  seen  from  this  figure  that  not  all  lines  in 
the  part  of  the  spectrum  shown  are  resolved  by  an  instrument. 

We  note  that  the  15  p  band  region,  very  rich  in  fine  struc¬ 
ture  lines.  Thus,  for  example,  Drayson  [62 ]  in  his  paper 
when  he  calculated  the  C02  absorption  coefficient  in  this 

band  region  (more  precisely  the  set  of  bands)  took  into  ac¬ 
count  about  2000  lines. 

The  fundamental  vibration-rotation  absorption  band  of  the 

C12o216  molecule  vg  =>  2349.16  cm-1  causes  very  strong  radiAtion 

absorption  in  the  atmosphere  in  the  4.3  p  region.  Two  other 
bands  overlap  with  this  band:  the  fundamental  band  of  the 

C130216  molecule  vg  =  2283.48  cm"*  and  the  combination  band 

+  v3  -  2v2  (02°0  -  10°1)  with  center  around  wavelength 

2429.37  cm-1.  Together  these  bands  form  the  region  of  the 
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Fig.  2.10.  Part  of  the  C02  absorption 

spectrum  15.0  p  band,  re¬ 
corded  with  high  resolution 
in  [61] 

Key:  a.  P  =  60  mm  Hg 

b.  L  =  25  cm 

c .  cm" 1 


absorption  spectrum  which  is  usually  called  the  C02  4.3  p 

band  in  the  literature.  All  these  bands  are  parallel  and, 
hence,  do  not  have  Q  branches.  The  4.3  p  is  sufficiently 
narrow,  its  intensity  is  so  large  that  up  to  a  height  on  the 
order  of  20  km  the  radiation  from  the  sun  in  the  region  from 
approximately  4.2  to  4.4  p  in  the  vertical  column  of  the  at¬ 
mosphere  is  completely  absorbed. 

In  addition  to  the  15.0  and  4.3  p  bands  which  were  con¬ 
sidered,  Ip  which  the  :  bsorption  is  caused  mainly  by  the  funda¬ 
mental  vibration-rota >n  band  v2  and  of  the  C120216 

molecule,  carbon  dioxide  has  bands,  the  centers  of  which  lie 
near  the  wavelengths  10.4,  9.4,  5.2,  4.8,  2.7,  2.0,  1.6,  1.4  p, 
and  a  number  of  weak  bands  in  the  range  from  1.24  to  0.78  p. 

All  these  bands  are  relatively  narrow  (their  width  is  on  the 
order  of  0.1  p) . 

Two  parallel  bands  in  the  10  p  range  have  vibration  fre¬ 
quencies  1063.8  cm"1  (transition  02°0-001)  and  961.0  cm"1 
(transition  100-001).  Absorption  in  the  region  1.4,  1.6,  2.0, 
2.7,  5.2  and  4.8  p  is  caused  by  bands  -.or  which  the  data  are 
presented  in  Tables  2.12,  2.13,  2.1'. 
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i  TABLE  2.11 

s 


l  C0o  BAND  IN  THE  15  \i  REGION  [3] 

I  z 


cu 

PiSHOBHAHO- 
ctm  MaoTonoa 

ITepexoA 

Uexrp  name ifi* 

- g 

MoneKyjixp*  “ 

KM  HUTeHCHX- 
HOCTb  H0.10- 

CU  *,  CM 

& 

£*,  fJt-1 

CM-ljL 

MKM ^ 

C**0*«0*« 

00°0— 01*0 

667,40 

15,0 

7,89*10-*® 

0,0 

Ci30*«0‘® 

00*0-01  <0 

648,52 

15,4 

7,9.10-*® 

0,0 

C*iO*»0*» 

00*0-01 ‘0 

662,39 

15,1 

3,7-10-*® 

0,0 

C**0**0‘* 

01  '0-02*0 

618,03 

16,2 

1,75*  10-*® 

667,4 

— 

01*0-10®0 

720,83 

13,9 

2,3-10-*® 

667,4 

— 

01*0—02*0 

667,76 

15,0 

6,2.10-*® 

667,4 

— 

10*0-03*0 

647,02 

15,5 

4,2-10-*® 

1285,43 

— 

10*0-11*0 

791,48 

12,6 

8,2-10-** 

1285,43 

— 

02*0-03*0 

597,29 

16,7 

5,83-10-** 

1335,16 

— 

02*0-11*0 

741,75 

13,5 

5,2-10-** 

1335,16 

— 

02*0-03*0 

668,3 

15,0 

3,2-10-*® 

1335,16 

— 

02*0-03*0 

544,26 

18.4 

1,64-10-** 

1388,19 

— 

03*0-04*0 

581,2 

17,2 

1,56-10-** 

2003,28 

— 

03*0-12*0 

756,75 

13,2 

2,2-10-** 

2003,28 

— 

03*0-12*0 

828,18 

12,1 

1,8-10-** 

1932,45 

— 

03*0-12*0 

740,5 

13,5 

5,2-10-** 

1932,45 

— 

04*0—13*0 

769,5 

13,0 

1,5-10-** 

2674,76 

3th  fliHHue  noflyseHu  no  othouichhio  k  odineMy  way  uoncKyn  ic ex  paaHO- 
•HflHOdeft  HSOTonoa.  KaacAoe  shmchhc  hhtchchbhoctj!  coa«P*ht  foibUMBHoBCKMlt 

MHOWHTeilb  OCHOBHOfO  COCTOHHHH. 


Key:  a.  Various  types  of  isotopes 

b.  Transition 

c.  Band  center  , 

d.  Molecular  intensity  of  bandy  cm 

e .  E" ,  cm-1 

f .  cm~* 

g.  H 

1.  This  data  was  obtained  from  the  total 
number  of  molecules  for  all  types  of 
.Isotopes.  Each  intensity  value  con¬ 
tains  the  Boltzman  multiplier  for  the 
fundamental  state. 
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TABLE  2.12 

C02  5.2  and  4.8  jj  ABSORPTION  BANDS  [3] 


O. s  b  a- 

riMoc«  P»sHo»na- 
M*M  HOCTH  n«p«XOA 

MIOTOnOl 


Ueiirp  noaocB 


6.  'MoM«yfl»pn«*J 

£*,  HIITCHCHDIIOCTh 

cm-*  nanocu  npK 
I  259°  K,*  fM 


C‘*Oi‘ 

0**0)' 

c**o|* 

0901* 

C'20J‘ 


000-0310  1932,45  5,17  0  2.4-10-** 

000-11*0  2037,08  4,90  0  4,0.10-** 

000—11*0  2076,86  4,81  0  '  3,2-  0*»» 

01*0-1290  2093,35  4,77  667,40  2,0.10-** 

01*0—200  2129,79  4,69  G67,40  8,0>10-»* 


Band,  p 

Various  types  of  isotopes 

Transition 

Band  center 

E’,  cm-1 

Molecular  intensity  of  band  at  259°K,  cm 

.  -1 


TABLE  2.13 


C0o  ABSORPTION  BANDS  NEAR  2.7  p  [3] 


P«3HO»HA- 

HOCTH 

MSOTOnOS 


nef/€XOA 


Ueiirp  noaoctP  J  Moj,tHyj,m,n 

- r -  E",  cm-*  TciicKBHocTb  nonocu 

CM-*^  \  MK+,  nPH  259*  K,  CM 


000-02®1  3613,03 


000-101 

01*0-03*0 

01*0-11*1 

000—0201 

000-101 

01*0-03*1 


3714,56  2,69 
3580,81  2,79 
3723,05  2,68 
3527,70  2,83 
3632,92  2,75 
3498,72  2,85 


0 

667,40 

667,40 

0 

0 

667,40 


l,0-10-*«(l,4x 

xio-**) 

1, 3-10-1*  (2.10-**) 


1.M0-*® 

1.4-10-*® 


Various  types  of  iso¬ 
topes 

Transition 
Band  center 
E",  cm"1 


Molecular  band  in¬ 
tensity  at  259°K,  cm 
_ -1 
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TABLE  2.14 

C02  ABSORPTION  BANDS  NEAR  2.0,  1.6  AND  1.4  n  [3] 


riwto- 

Ci, 

MKM 

D  b 

PlSHOBHAHO* 
CTH  HSOTO* 

nos 

c. 

nepexoA 

Uemp  i 

TT 

h 

MKM 

MoAeKyJiftpt^fa 

HHTCHCHBIIOCTIi 

noAocu  npii 
25«*  K,  CM 

2.0 

CiiOi* 

00*0-0401 

5100 

1,96 

0 

1,6.10-** 

C«01* 

00*0-12*1 

4978 

2,00 

0 

3,7-10-ao 

C»Oi* 

00*0-20*1 

4853 

2,06 

0 

1,0.10-*® 

C»*01* 

0110-05*0 

5132 

1,94 

667,40 

— 

0*01* 

01*0—1311 

4965 

2,01 

667,40 

— 

0*01* 

0010-21*1 

4808 

2,07 

667,40 

— 

O*0J* 

00*0-04*1 

5016 

1,98 

0 

1,8.10-** 

0301* 

00*0-12*1 

4887 

2,04 

0 

4,  M0-** 

0*01* 

00*0-20*1 

4748 

2,10 

0 

1,1* io-*» 

0*0l*0** 

00*0-04*1 

5042 

1,98 

0 

7.10-2* 

Ci*01#Oi* 

00*0-12*1 

4905 

2,03 

0 

1,5-10-** 

• 

Ci*Ol,0lg 

00*0-20*1 

4791 

2,08 

0 

4-10-** 

1,6 

C1JOJ* 

00*0-06*1 

6503 

1,53 

0 

_ 

0*01* 

00*0-14*1 

0350 

1,57 

0 

— 

0*01* 

00*0-22*1 

6228 

1,60 

0 

2,9.10-** 

0*0'* 

00*0-20*1 

6076 

1,64 

0 

— 

M 

0201* 

00*0-00*3 

6973 

1,43 

0 

8,6-10-** 

Key: 


a. 

b. 

c. 

d. 

e. 

f. 

g- 

h. 


Band,  yi 

Various  types  of  isotopes 

Transition 

Band  center 

E",  cm-1 

Molecular  band  intensity  at  259°K,  cm 


U 


In  Tables  2.12,  2.13  and  2.14  the  band  intensity  is  de¬ 
termined  relative  to  a  single  COg  molecule,  taking  into  ac¬ 
count  all  different  types  of  isotopes  in  the  molecule. 
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3.  Ozone .  The  magnitude  of  the  dipole  moment  of  the 
Og  molecules  (Fig.  2.11)  is  equal  to  0.58  D.  The  electronic 

transitions  in  the  molecule  form  the  Hartley  and  Huygens  bands 
which  lie  in  the  ultraviolet  region  of  the  spectrum  (wavelength 
shorter  than  3400  A)  and  the  Chappuy  4500  -  7400  A  (visible 
region) .  The  maximum  value  of  the  absorption  coefficient  in 
the  Chappuy  bands  is  equal  to  S'lO-^lcm  ,  which  causes  a  total 
solar  radiation  of  7%  when  the  magnitude  of  the  atmospheric 
mass  is  equal  to  two. 

All  three  fundamental  vibration  frequencies  of  the  Og 

molecule  are  active  during  absorption  in  the  infrared  region. 
They  form  vibration-rotation  bands  with  centers  v,  =  1110  cm-1 

(9.1  n) ,  v2  =  710  cm”*  (14.1  ti)  and  =  1043  cm”  (9.6  n) . 

The  band  is  very  weak  and  overlaps  with  the  band  Vg .  The 

overlap  causes  considerable  Interaction  between  the  correspond¬ 
ing  molecular  energy  levels. 


Fig.  2.11.  Structure  of  ozone  molecule 


The 

molecule 

o16o16o18 


following  three  isotope  modifications  of  the  ozone 
are  found  in  the  atmosphere:  Og*8,  0*80*80*8  and 
(Table  2.15). 


The  overtones  and  combination  0g  vibration  frequencies 

form  the  vibration-rotation  bands  of  this  molecule  in  the  re¬ 
gions  2.7,  3.27,  3.59,  4.75,  5.75  n,  of  which  the  most  intense 
is  the  4.75  pi  region.  The  widtls  of  all  these  bands  are  on 

the  order  of  0.1  cm*. 

When  solar  radiation  absorption  by  the  earth's  atmosphere 
is  studied  it  is  customary  to  take  into  account  only  the  9.6 
03  absorption  band,  which  is  in  the  center  of  the  longwave 

transparent  atmosphere  8  -  13  n  window.  Its  central  part  with 

i  > 

I  ’  '  -83- 


*yV' 


TABLE  2.15 

POSITION  OF  FUNDAMENTAL  BANDS  OF  THE  03  MOLECULE  [3] 


riOAOCU  Cks 

Oi*.  CM-l  ^ 

OteoMOi*.  CM-l 

Ot«OI*Ot»,  dr-\ 

Vi 

1110  (?) 

1080 

1095 

V*  „ 

701 ,42 

697 

688 

vs  & 

1045,16 

1008 

1029 

ripoueHTHoe  coaep- 
KCaHHC 

99,4 

0,21 

0,41 

Key:  a. 

Bands 

b. 

era”* 

c. 

Percentage  contents 

width,  about  1.0  (a  in  the  vertical  column  of  the  atmosphere  ab¬ 
sorbs  approximately  half  the  solar  radiation.  Other  bands 
either  overlap  with  stronger  HgO  and  C02  absorption  bands  or 

have  low  intensity.  The  9.6  yx  band  is  very  rich  in  fine  struc¬ 
ture  lines,  which  so  far  have  not  yet  been  resolved  in  the 
experiment.  It  was  only  possible  to  obtain  from  the  experiment 
constants  for  the  disturbed  vibration  state.  These  constants 
together  with  fundamental  state  constants  determined  from  the 
pure  rotation  0^  spectrum  in  the  microwave  region  enable  us 

to  calculate  the  fine  band  structure. 

The  Og  molecule  has  an  intense  pure  rotation  spectrum  in 
the  microwave  region. 

4.  Oxygen.  Oxygen  is  present  in  the  atmosphere  in  molecu¬ 
lar  and  atomic  states.  Atomic  oxygen  arises  as  a  result  of 
molecular  oxygen  dissociation  under  the  action  of  ultraviolet 
solar  radiation.  During  this  dissociation  atoms  are  formed 
from  which  ozone  is  formed. 

Atom  oxygen  in  the  visible  and  infrared  regions  does  not* 
have  resolved  dipole  radiation  electronic  transitions.  A 
series  of  forbidden  transitions  yields  the  single  line, with 
wavelengths  5571  A  and  a  multiplet  in  the  6300  -  6364  A  re¬ 
gion.  The  intensities  of  these  lines  are  small  and  they  must 
be  taken  into  account  only  when  the  luminescence  of  the  upper 
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layers  of  the  atmosphere  is  studied. 

Molecular  oxygen  has  strong  electronic  bands  in  the  ultra¬ 
violet  region  and  relatively  weak  bands  in  the  red  and  near 
infrared  regions  (Table  2.16). 

16 

In  the  near  infrared  region  the  02  molecule  has  two 

noticeable  bands,  the  centers  of  which  lie  near  wavelengths 
1.2683  p  (transition  0-0)  (Fig.  2.12)  and  1.0674  fi  (trans¬ 
ition  0  -  1) . 

16 

Because  of  the  symmetry  of  the  0g  molecule  only  lines 

with  alternating  values  of  the  rotation  quantum  number  j  appear 
in  the  spectra  of  its  bands. 


TABLE  2.16 

RED  BANDS  OF  THE  0216  MOLECULE  [3] 

^  — 

C.  I  X»p«K1CpHCTHK*  < 
UtHTp  nOJIOCU,  HltTCHCHDHOCTk  MHTCKCHBHOCTK  nMOCI 

PtXO^fel  MKH  1KMI0CU  *,  CM  ■  COniieillOM  CMK- 

Tpe  •• 


Ox 

n«p*X0Ku 

h 

UtKip  nonocu, 

MKH 

c . 

HltTCHCHDHOCTk 
llOXOCkl  »,  CM 

0,0 

0,7621 

4,3*10'** 

0,1 

0,6864 

2,0*10'** 

0,2 

0,6288 

5,1*10'** 

0.3 

0,57% 

2,0*10-** 

0,4 

0,5384 

8,1*10-** 

M 

0,7710 

2,7*10'** 

1,2 

0,6970 

2,3*10'** 

1,3 

0,6379 

— 

HHTeiicxmocra  nojioc  otikcchu  k  <mcjty  MoxexyA  i  hcxoahom  coctouhhb. 

4.  **  h  —  noxoca  MHTeiicHniiait;  cii  —  mvtoci  cpeA'ie*  mirtHexMocTN;  mb  —  nano- 
ei  mmoA  hhtchckdiioctm. 

:  a.  Transitions 

b.  Band  Center,  (a 

c.  Band  intensity,1  cm 

d.  Band  intensity  characteristic  in  solar  spec- 

trun;2 

e.  i 

f .  si 

g.  mi 

.  The  band  intensities  refer  to  the  number  of  mole¬ 
cules  in  the  initial  state. 

.  i — intense  band,  si — band  of  medium  intensity,  mi- 
low  intensity  band 


-85- 


16 

Fig.  2.12.  Solar  spectrum  in  the  02  band 
region  1.2683  p  [63] 

Key:  a.  P 


16  18 

The  molecule  of  the  isotope  hydrogen  modification  0  O 
has  bands  which  lie  in  the  red  range  in  the  region  near  the 
waves  0.7620  p  (transition  0-0),  0.6901  p  (transition  0-1) 
and  0.6317  p  (transition  0-2).  These  bands  contain  lines 
with  all  values  j,  which  is  due  to  the  reduced  symmetry  of  0lb0A° 
molecule  compared  to  the  0216  molecule. 

Beside  the  molecular  electronic  bands  considered,  oxygen 
has  in  the  ultraviolet,  visible  and  near  infrared  regions 
diffusion  bands,  induced  by  systems  of  [0212  molecules.  The 

spectra  of  these  systems  have  been  studied  in  the  work  of 
Dufay  [64]  and  V.  I.  Dianov 'klokov  [65].  The  band  intensity 
of  these  systems  is  not  high.  Moreover,  they  overlap  with 
more  intense  ozone  and  water  vapor  absorption  bands.  Takine 
into  account  the  absorption  in  the  [02]2  ban<*  is  apparently  only 

necessary  in  a  number  of  special  cases  (for  example,  for  in¬ 
clined  paths  which  are  close  to  the  horizontal  radiation 
propagation  path) . 

5.  Nitrogen  monoxide.  The  N20  nitrogen  monoxide  mole¬ 
cule  is  a  linear  asymmetric  molecule,  the  dipole  moment  and 
rotation  constant  of  which  are  equal  to  0.166  D  and  0.4182  cm"  , 
respectively,  for  the  fundamental  isotope  modifier*  tion 

The  strong  electronic  NgO  bands  lie  in  the  far  ultra¬ 
violet  region. 

All  three  fundamental  vibration  frequencies  =  1285.6  cm  1 
(7.8  p),  v2  »  588.8  cm"1  (17.0  p)  and  v3  =  2223.5  cm"1  (4.6  p) 
(Fig.  2.13)  are  active  in  the  infrared  spectra. 
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Fig.  2.13.  Spectrum  of  the  NgO  molecule  v3  band, 

recorded  with  the  aid  of  a  15  cm  long 
vessel  at  a  partial  NgO  pressure  of 

10  mm  Hg  [3]. 

Lines  from  the  combination  band  v3  +  v2  +  v2  also 
lie  in  the  band  region  as  well  as  several  C(>2 
absorption  lines. 


The  NgO  molecule  has  many  overtone  bands,  combination 

frequencies  and  upper  state  bands.  Thus,  in  the  region  with 
frequencies  above  8000  cm-1  there  axe  23  bands,  between  the 
frequency  4417  and  1880  cm-1  18  bands,  between  the  frequencies 
4062  and  7431  cm-*  14  bands  and  between  2209.53  and  2798.30  cm-1 
7  bands,  not  counting  the  upper  state  bands  [3],  Most  of  these 
bands  are  very  weak.  In  the  solar  spectrum  there  are  9  bands, 
about  which  some  data  are  given  in  Table  2,17. 

The  NgO  molecule  has  12  stable  isotopes,  formed  from  the 

atom  combinations  N14,  N15,  016,  017  and.O4®,  The  vibration- 
rotation  spectrum  of  the  fundamental  Ng140lb  isotope  modifi¬ 
cation  and  certain  of  the  isotopes  have  been  studied  in  greater 
or  lesser  detail. 

6.  Methane .  The  CH^  methane  molecule  is  a  tetrahedron. 

The  electronic  CH.  bands  are  in  the  far  ultraviolet  region 

(wavelength  less  than  1450  A) .  The  high  degree  of  symmetry 
of  the  molecule  causes  the  high  degeneracy  of  the  vibration 
energy  levels.  Among  the  9  fundamental  vibration  frequencies 
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TABLE  2.17 


n2o  BANDS  IN  SOLAR  SPECTRUM  [3] 


UeHip  nojiocu 
CM-  >g  MKMj 

4730,86  2,11 

4630,31  2,16 

4417,51  2,27 

4389,06  2,28 

3481,2  2,87 

3365.6  2,97 

2798.6  3,57 

2577  3,81 

2563.5  3,9< 

2461.5  4,01 

2223.5  4,51 

2210  4,5: 

1285,0  7,7) 

1167,0  9,5 

588,8  17,0 


ricpcxox 

00°0— 20°1 
00*0—12*1 
00*0-00*2 
01 10-01  »2 
00*0-10*1 
00*0-02*1 
00*0-0111 
0110-2110 
00*0-20*0 
00*0-12*0 
00*0-00*1 
OliO-OlU 
00*0-10*0 
00*0-02*0 
00*0-0110 


MoAOKyA«pttaii  hktch* 
CMBKocTk  ntviocu 

II  pH  HOpMAJUHUX 
yCAOBMJIX,  CM 


riepneH.  H 
Flapa/i,  ^ 


flepnen. 


1,29.10-1* 

9*10-*® 

1,6.10-1* 

4,3- 10-1* 

6,88-10-n 

9,78- 10-1* 
4,08.10-1* 
7,75- 10-1* 


Band  center 

Transition 

Type 

Molecular  intensity  of  band  under  nor¬ 
mal  conditions,  cm 

-1 

cm 

u 

Parallel 

Perpendicular 


one  is  degenerate  twice,  two  thrice.  Thus,  the  molecule  has 
altogether  four  fundamental  vibrations  which  differ  in  fre¬ 
quency.  The  band  is  completely  symmetric,  v2  is  degenerate 

twice,  Vg  v4  are  degenerate  thrice.  In  the  infrared  re¬ 
gion  only  the  bands  =  3220.3  cm-1  (3.3  u)  and  v4  *  1306.2  cm 

(7.7  mm)  occur.  The  vibration  frequencies  of  the  optically  in¬ 
active  bands  v1  and  v2  are  equal  to  2914,2  and  1526  cm-1,  re¬ 
spectively.  The  vibration  frequencies  of  the  first  overtone  of 
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the  band  Vg  and' the  bands  and  are  close.  The  overlap  of 

these  three  bands  leads  to  strong  interaction  between  the  vi¬ 
bration-rotation  transitions.  This  interaction  causes  the  re¬ 
moval  of  the  degeneracies  in  the  main  bands  Vg  and  and  the 

substantially  greater  complexity  of  the  fine  structure  of  the 
spectrum. 

TABLE  2.18 

METHANE  BANDS  IN  SOUR  SPECTRUM  [3] 


Ueiitp  no/iocu 
M-t  d  JM 


**  ManeKyrtupiun  nitrenot*. 

ncpexofl  iiocrb  nonocu  np«  nop- 

MUIbMUX  yCJiOBHXX,  CM 


0000-0020 
0000- 110! 
0000-01  li 
0000-0!  10 
0000-0011 
0000-1001 
0000-0102 
0000-0010 
0000-0101 
0000-0002 
0000-0001 


3,6.10**® 


1,26.10-** 

1.04.10-” 

6,9.10-w 


Key:  a.  Band  spectrum 

b.  Transition 

c.  Molecular  band  intensity  under  normal 

conditions,  cm 

d.  cm*"'* 

e.  u 

TABLE  2.19 

POSITION  OF  THE  CO  BAND  CENTERS  [66 ] 


n  O-y 

IIOAOCU 

1-0 

j  2-0 

3-1 

4-2 

1 

5-3 

0-4 

7-5 

3-0 

4-0 

b 

HCT,  CM'  i 

iVHOACIIHH,  O 
M-l 

2143,  2740 
2143,  2740 

4260,  0646 
4260,  0646 

4207,  1664 
4207,  1680 

4154,  4056 
4154,  4040 

i 

4101,  7820 

i 

4049,  2958 

3996,  9466 

6350,  4404 
6350,  436 

8414,  4702 
8414,  458 
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(key  on  next  page) 


?  v9k*7-V—**  Kn)mmc«  • 


f  Key  to  Table  2.18:  a. 

I  b. 

c. 


Bands 

Calculated,  ci 
Observed,  cm” 


Beside  the  two  principal  vibration-rotation  bands,  methane 
has  a  large  number  of  overtone  and  combination  frequency  bands 
(Table  2.18),  9  of  which  were  detected  in  the  solar  spectrum. 

Methane  does  not  have  a  pure  rotation  spectrum. 

7.  Carbon  Monoxide.  The  carbon  monoxide  spectrum,  be¬ 
cause  of  its  simplicity,'  has  been  studied  in  sufficient  de¬ 
tail.  The  dipole  moment  of  this  molecule  is  equal  to  0.1  D. 

The  pure  rotation  spectrum  lies  in  the  far  infrared  and  micro- 
wave  regions. 

The  fundamental  vibration-rotation  band  cf  the  C^2016 
molecule  lies  near  2143.2  cm”*  (4.67  m) >  The  first  overtone 
of  the  band  has  the  center  near  4260  cm"^. 

Table  2.19  shows  the  center  positions  of  various  CO  bands 
which  were  discussed  jn  article  [66]. 

„  The  carbon  monoxide  molecule  has  two  isotope  modifications 
ClV®  and  Cl30l6. 

The  fine  structure  of  many  vibration-rotation  CO  bands  has 
bee?  studied  sufficiently  well.  The  results  of  these  studies 
will  be  discussed  in  the  next  chapter. 


3.  Absorption  Of  Visible  And  Infrared  Waves  In  A  Homogeneous 

Atmosphere 

1.  Fundamental  Definitions 

1.  Absorption  Coefficient.  Optical  Layer.  Spectral 
Transmission  (Absorption).  By  the  absorption  coefficient 
k(v)  of  the  medium  for  emitting  the  frequency  v,  we  shall 
understand  the  proportionality  coefficient  in  the  Buger  law, 
which  is  written  in  differential  form  as 

d/(v)=-ft(v)/(v)d/,  (3>1) 


where  dl(v)  is  the  attenuation  of  the  emitted  intensity  I(v) 
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which  passed  through  a  medium  layer  of  thickness  dl. 

Integrating  (3.1)  along  the  thickness  of  the  layer  1 
yields,  for  the  case  of  a  homogeneous  medium,  the  well-known 
expression  for  the  Buger  law 


/(v)  =  /0(v)e-*<v>{, 


(3.2) 


where  IQ(v)  and  I(v)  are  the  emission  intensities  before  and 
after  passage  through  the  medium  layer  of  thickness  1. 

By  the  optical  layer  t  of  the  medium  layer  1  we  mean  the 
exponent  in  expression  (3.2): 


x—k  (v)  /. 


(3.3) 


The  limits  within  which  relations'  (3.1)  and  (3.2) 
can  be  applied  will  be  considered  in  paragraph  4. 

The  quantities 


/(v)  . 
/o(v)  * 


A  (y\  — 

/0(v) 


(3.4) 


will  be  called  che  spectral  transmission  and  spectral  absorp¬ 
tion  respectively. 

2.  T*he  Absorption  and  Transmission  Functions.  Integral 
Absorption-!  The  absorption  function  A  of  the  radiation  in 
the  spectral  interval  Av  =  Vg  -  is  the  ratio  of  the  radia¬ 
tion  absorbed  by  the  medium  layer  to  the  radiation  incident  on 
this  layer.  The  transmission  function  T  is  definied  analogously. 

In  accordance  with  the  definition  above,  we  can  write 


J  {/o(v)-/(v)]rfv 

Vt _ 

l  /o(v)<iv 

V, 


$  /  (v)  <fv 

.  7* _ vi _ 

’  ‘  -  « 

l  1q  (v)  dv 
vi 


(3.5) 
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For  a  homogeneous  layer  from  (3.5),  using  (3.4),  we  ob 

tain 


Vi  '  ,  VJ 

l  h  (v)  A  (V)  dv  l  la  (v)  /  (v)  rfv 

- .  7-^ -  (3.6) 

$  /o  (v)  dv  $  /o  (v)  dv 

Vl  Vi 


As  can  be  seen  from  (3.6),  the  absorption  and  transmission  func¬ 
tions  in  the  spectral  interval  [v^,  Vg]  characterize  the  mean 

spectral  absorption  and  spectral  transmission  in  this  interval. 
In  the  special  case,  when  /(v)  =  const £[v„  yilTt 


$  A  (v)  iiv 


A  = 


_vj _ 

v2-v, 


Vi 

J  /(v)rfv 


_  _Vj _ 

V2-V, 


(3.7) 


or  taking  into  account  (3.4)  and  (3.2) 


V‘ Vi  (3.7a) 

T  = — ? —  \  e-W'dv. 

V2-V,  J 
Vi 


In  another  special  case,  when  k (v)  =  const £ jv,,  vd, 

A=My)\.  T=f (v)'.  "  (3<8) 


The  functions  A  and  T  depend  [see  (3.5)  and  (3.6)]  not 
only  on  the  absorption  properties  of  the  medium  expressed  in 
terms  of  A(v)  or  f(v)  but  also  on  the  spectral  intensity  of 
the  source  radiation  density  Iq(v).  Therefore,  to  characterize 

the  absorption  properties  of  the  medium  in  a  given  central 
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interval  [v2,  v^]  which  do  not  depend  on  the  function  IQ(v), 

we  introduce  the  integral  absorption  concept  B,  by  which  we 
mean  the  value  of  the  integral 


r 

B  —  \  A  (v)  dv. 


(3.9) 


It  is  easily  seen  that  the  maximum  value  of  the  abosrption 
integral  is  reached  when  A(v)  =  1  in  the  entire  spectral  in¬ 


terval,  which  is  equal  to  Av  =  v2  -  Aiiu  xu  tcgi  ajl  auovi  txui 

is  expressed  in  frequency  units  and  can  be  considered  as  the 
width  of  some  spectral  interval  for  which,  when  A(v)  <«  1,  the 
integral  absorption  is  equal  to  the  given  value.  In  this  sense 
the  integral  absorption  is  often  called  the  equivalent  width 
of  the  given  interval  (line  band,  etc.). 

Expressions  (3.1)  -  (3.9)  are  obtained  for  the  case  when 
the  frequency  v  is  taken  as  the  spectral  coordinate.  Formally 
identical  formulas  as  obtained  if  the  wavelength  X  is  taken 
as.  the  spectral  coordinate.  Keeping  in  mind  the  relation  be¬ 
tween  v  and  X 


The  integral  absorption 


v,AsiI-d%* 


(3.10) 


Key:  a.  cm" 
b.  |i 

it  can  be  shown  that  formulas  (3.5)  and  (3.6)  written  in  terms 
of  v  and  X, taking  into  account  (3.10)  yield  the  same  numerical 
values  of  A  and  T.  At  the  same  time  formulas  (3.7) ,  expressed 
in  terms  of  v  and  X, are  not  equivalent,  i.e., 


vj  A* 

J  A  (v)  dy  |  A  (k)  dk 

1L _ h _ . 

vj-v,  ^  X2-X,  • 

I  I (v) dy  (t{k)dk> 


-vj-v, 


(3.11) 
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The  smaller  the  spectral  interval  [v^,  v2l  or  the  equiva¬ 
lent  interval  [X^,  X2],  the  weaker  the  inequality  (3.11).  In 
the  limit  v2  -  -  0  or  X2  -  X^  -*0,  A(v)  =  A(X)  and 

T(v)  =  f  (X) . 

We  note  that  formula  (3.10)  holds  strictly  for  a  vacuum. 

When  the  radiation  propagates  in  a  medium  with  the  refraction 
index  nr  1,  we  must  take  into  account  the  relation  X  =  X^n-!, 

where  X  and  XQ  are  respectively > the  wavelengths  in  the  medium 

arid  in  the  vacuum. 

We  emphasize  that  the  expressions  for  the  absorption  and  trans¬ 
mission  functions  (3.7),  (3.7a)  arc  of  ten  used  in  the  litera¬ 
ture  without  the  stipulation  that  they  are  only  valid  in  the  case 
when  within  the  limits  of  the  spectral  interval  Av  =  v2  - 

the  relation  between  the  intensity  of  the  incident  radiation  and 
the  frequency  can  be  ignored.  In  practice  these  expressions 
can  be  used  to  calculate  the  absorption  functions  from  heat 
sources  within  narrow  regions  of  the  spectrum  (with  widths  on 
the  order  of  0.1  nm) . 

2.  Absorption  of  Individual  Lines 

The  absorption  spectrum  of  an  arbitrary  isolated  molecule 
is  a  set  of  individual  spectral  lines,  the  position,  intensity, 
and  form  of  which  are  uniquely  determined  by  the  corresponding 
quantum  changes  in  the  electronic,  oscillation  and  rotation 
energy  of  the  molecule.  The  spectral  line  is,  thus,  the  basic 
element  of  the  molecular  spectrum.  For  this  reason  many  papers 
were  devoted  to  the  study  of  laws  which  govern  the  radiation 
absorption  by  a  single  spectral  line,  the  results  of  which  have 
been  generalized  in  a  number  of  monographs  and  surveys  [67-71]. 
Partially  we  considered  the  absorption  by  a  single  line  in  the 
second  chapter.  Here  we  will  touch  only  on  certain  problems,  the 
knowledge  of  which  is  necessary  for  discussing  and  understanding 
the  subsequent  material. 

1.  The  Form  of  the  Line  Contour.  As  we  already  have  men¬ 
tioned,  .the  form  of  the  absorption  line  contour  under  the  con¬ 
ditions  of  the  earth's  atmosphere  is  determined  by  the  finite 
life  of  molecules  in  the  excited  state,  the  Doppler  effect,  and 
the  molecular  collision  effect  of  the  absorbing  gas  with  one 
another  and  with  molecules  of  the  gases  which  are  not  absorbed, 
i.e.,  the  extraneous  gases.  The  formulas  which  describe  the 
contour  of  a  line,  induced  by  the  corresponding  effects  or 
their  joint  action,  are  given  above  [see  formulas  (2.55),  (2.57) 


-94- 


and  (2.64). 


Strictly  speaking  none  of  the  above  formulas  can  be  used 
to  describe  exactly  the  contour  of  the  line  under  real  atmo¬ 
spheric  conditions.  For  this  reason  it  is  important  to  know 
in  which  cases  and  with  what  accuracy  one  can  use  this  or  that 
expression  to  describe  the  real  contour  of  the  line. 

The  accuracy  requirements  for  describing  the  real  con¬ 
tour  of  a  line  depend,  to  a  considerable  extent,  on  the  nature 
of  the  corresponding  problem.  Let  us  assume,  for  example, 
that  we  must  determine  the  integral  absorption  function  in  a 
very  wide  spectral  interval  for  a  black  or  gray  emitter.  In 
this  case  the  accuracy  requirements  on  the  forms  of  individual 
lines  are  less  strict,  since  the  central  part  of  the  lines  and 
its  tails  will  contribute  to  the  total  absorption.  If  we  must 
know  the  absorption  function  in  a  relatively  narrow  interval 
which  contains  only  the  central  parts  of  several  lines,  or, 
conversely,  which  includes  the  tails  of  the  far  lines,  the 
energy  distribution  absorbed  by  the  line  in  the  central  part 
and  the  tails  becomes  now  very  important.  Finally,  to  de¬ 
termine  monochromatic  radiation  absorption  in  the  atmosphere, 
the  accuracy  requirements  for  describing  the  contour  of  the 
line  are  most  rigorous. 

In  the  overwhelming  majority  of  studies  dealing  with  the 
absorption  of  visible  and  infrared  waves  in  the  atmosphere, 
the  dispersion  or  Lorentz  contour  of  the  line  is  used.  This  is 
due  to  the  fact  that  the  dispersion  contour  is  very  simple  and 
describes  sufficiently  well  the  central  part  of  the  line  at 
altitudes,  on  the  average  up  to  30  km,  where  the  main  mass 
of  the  gases  which  are  absorbed  in  the  visible  and  infrared 
regions  of  the  spectrum  is  concentrated  [ 1 ] . 

In  recent  years  new  problems  appeared,  for  the  solution  of 
which  the  dispersion  contour  either  does  not  provide  the  re¬ 
quired  accuracy  or  cannot  be  used.  This  applies  primarily 
to  problems  connected  with  the  use  of  OKG  (lasers)  in  various 
systems  which  are  designed  to  operate  in  the  atmosphere,  re¬ 
verse  artificial  satellite  meteorology  problems  and  the  problem 
of  calculating  more  precisely  the  radiation  flows  in  the  at¬ 
mosphere.  To  solve  these  problems  we  must  have  data  about  the 
contour  of  the  central  part  of  the  line  at  those  altitudes  where 
the  Doppler  effect  can  no  longer  be  ignored  in  comparison  with 
the  broadening  of  lines  due  to  molecular  collisions.  The  dis¬ 
persion  contour  will  deliberately  not  be  used  to  describe  the 
real  absorption  by  the  far  tails  of  the  lines.  We  will  briefly 
consider  the  results  of  Lorentz-Doppler  contour  studies  and 
the  forms  of  the  far  tails  of  a  line. 
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In  the  theoretical  study  made  by  S.  G.  Rr.utian  and  I.  I. 
Sobel'man  [72]  various  cases  are  discussed  of  a  line  contour 
caused  by  the  joint  action  of  the  Doppler  and  Lorentz  effects. 

The  action  of  these  effects  is  considered  both  as  statistically 
independent  and  statistically  dependent.  It  has  been  shown  in 
[72]  that  the  real  contour  of  a  line  must  have  less  intense  tails 
than  is  the  case  in  the  Lorentz  contour.  The  intensity  in  the 
tails  decreases  proportionally  with  the  fourth  power  of  the 
frequency,  not  its  square  as  the  dispersion  contour  implies. 

For  the  statistically  dependent  broadening  of  lines  due 
to  the  Doppler  and  Lorentz  effects, the  authors  obtained  line 
contours  which  were  asymmetric  and  displaced  relative  to  the 
center. 

Drayson  [62]  calculated  the  total  line  absorption  for  the 
Lorentz  and  Lorentz-Doppler  contours.  The  calculations  used 
various  values  of  the  product  Suu,  where  S  is  the  intensity  of 
the  line  and  uu  is  the  absorbing  gas  layer.  It  turned  out 
that  for  medium  values  of  Suu  the  total  absorption  of  the  line 
with  a  mixed  contour  at  low  pressures  (high  altitudes  in  the 
atmosphere)  can  exceed  the  total  absorption  of  the  line  with 
the  Lorentz  contour  by  more  than  a  factor  of  2.  Thus,  when 
the  pressure  varies  from  100  to  0.5  mb  (altitudes  from  16  to 
55  km)  the  error  in  calculating  the  total  absorption  of  the 
line  due  to  ignoring  the  Doppler  effect  varies  from  0.05  to 
60%.  At  a  pressure  of  10  mb  (altitude  30  km)  this  error  is 
approximately  5%.  It  has  been  shown  in  the  work  of  Plass  and 
Fivel  [73]  that  for  the  limiting  cases  of  small  and  large 
values  of  Suu  the  Doppler  effect  can  be  ignored  up  to  an  altitude 
of  50  km,  when  the  total  absorption  of  the  line  is  calculated. 

Thus,  it  follows  from  article  [62],  that  when  the  total 
absorption  of  individual  lines  is  calculated  and,  hence,  also 
of  groups  of  lines  up  to  an  altitude  of  30  km  with  an  accuracy 
not  less  than  5%,  the  Doppler  effect  need  not  be  taken  into 
account.  We  emphasize  that  this  conclusion  applies  to  the 
total  line  absorption  and  cannot  be  applied  to  the  calculation 
of  monochromatic  radiation  absorption  in  the  atmosphere.  The 
methods  for  calculating  the  absorption  coefficients  for  a 
fourth  line  contour  are  studied  in  articles  [74  -  77]. 

Winters,  Silverman,  and  Benedict  published  the  results 
of  experimental  absorption  studies  for  C02  in  the  4.3  u  band. 

The  analysis  of  the  results  has  shown  that  beyond  the  limit 

5  cm-1  from  the  center  of  the  line,  the  absorption  coefficient 
k(v)  decreases  iaster  than  the  dispersion  contour  implies.  The 
authors  of  [78]  propose  the  following  empirical  expression  for 
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k(v),  which  satisfies  the  described  results  of  their  experi¬ 
ment: 


k  (v)  =  (-£•)  [(v — vj)*  -f-  v*l  e“°(l  v~v<  '~4v*,k; 
jv— V|j>Av0, 


(3.12) 


where  y  is  the  halfwidth  of  the  line,  a  and  b  arb  empirical 
constants  depending  on  the  type  of  expanding  gas  and  the 
quantity  Avn,  according  to  Benedict's  estimate,  does  not  exceed 

-l  u 

3  cm  . 

In  the  work  of  Murcray  and  his  collaborators  (71  ],  the 
spectral  solar  absorption  radiation  was  varied  in  the  band 
4.3  p  at  altitudes  from  10  to  30  km  with  0.5  cm-1  resolution. 
This  resolution  turned  out  to  be  sufficient  for  interpreting 
the  spectrum  from  line  to  line  using  the  calculations.  When 
the  calculated  results  were  compared  with  the  experimental 
data,  it  was  found  that  the  theory  agreed  sufficiently  well 
with  the  experiment  when  at  high  altitude  a  Lorentz  contour 
was  used  and  at  lower  altitudes  the  contour  (3.12)  proposed 
by  Benedict.  The  latter  was  used  when  the  high  frequency 
tails  of  the  band  were  calculated. 

In  the  work  of  Burch  and  his  collaborators  [80,  81 ]  ex¬ 
perimental  studies  of  water  vapor  and  carbon  monoxide  spectral 
absorption  were  made  in  the  wavelength  range  from  0.6  to  5.5  p. 
The  analysis  of  the  results  obtained  led  the  authors  to  con¬ 
clude  that  none  of  the  existing  expressions  for  the  form  of 
the  far  tails  of  the  contour  of  the  line  is  suitable  for  the 
exact  description  of  the  experimental  data.  The  experiment  has 
shown  that  the  form  of  the  far  tails  of  the  line  is  different 
for  H20  and  C02  and  that  for  the  same  absorbing  gas  it  de¬ 
pends  on  the  absorption  band,  the  extraneous  gas,  and  tempera¬ 
ture. 


Thus,  even  though  the  central  part  of  the  line  is  described 
more  cr  less  satisfactorily  by  the  available  formulas  for  the 
line  contour,  the  same  cannot  be  said  at  all  about  the  far  tails 
of  the  line.  Here  new  endeavors  are  required  from  the  theoreti¬ 
cians.  Also,  as  the  analysis  of  the  available  experimental 
data  implies,  formulas  must  be  obtained  for  the  far  tails  of 
the  line  which  will  take  into  account  the  absorbing  and  extran¬ 
eous  gases,  the  properties  of  the  absorption  band,  and  tne  tem¬ 
perature  relation. 
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2.  Total  Absorption  and  the  Absorption  Funct ion  for  A 
Single  Line.  The  expression  for  the  total  absorption  of  a 
single  nonoverlapping  line  with  a  dispersion  contour  has  been 
obtained  in  the  well-known  work  of  Ladenburg  and  Reiche  [82 J: 


-f-ou 

B=  j  A(v)d\  =  2nyf(x)‘, 

— m 

f(x)  =  xe-x[J{x)  +  Jl(x)l 


(3.13) 


where 


x  = 


5o) 

2ny  * 


JQ(x)  and  J^(x)  are  Bessel  functions  of  zero  and  first  orders 

of  a  pure  imaginary  argument,  uu  is  the  mass  of  the  absorbing 
gas,  which  is  sometimes  called  the  settled  gas  layer.  The 
values  of  the  function  f(x)  have  been  tabulated  for  various  x 
by  Elsasser  and  for  the  values  of  x  from  0.01  to  10  they  are 
given  in  K.  Ya.  Kondrat'ev's  monograph  [84]. 

In  the  limiting  cases  we  obtain  from  (3.13) 


B  =  S(o  npH  x<l,  (3.14) 

B  =  2KSyw  npn  *>1.  (3.15) 


Key:  a.  for 

The  absorption  function  for  a  single  line  with  the  dis¬ 
persion  form  under  the  condition  that  the  incident  radiation 
intensity  is  constant,  I(v)  »  const,  within  the  limits  of  the 
spectral  interval  \»2  -  ^  occupied  by  the  line  has  the  form 


j  (1 — e-*<v>"Mv 

A  =  X - 

v2-v, 


I 


(3.7a) 
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where  k(v)  is  determined  from  formula  (2.57). 

In  paper  [85]  a  general  expression  was  obtained  for  the 
function  A: 


M-l )nMx)BH{6),  (3.16) 


-4ft[2  M-  ,  (3.17) 

kmO 


where  *  S  and  y  are  the  intensity  and  halfwidth  of  the 

line,  u)  is  the  absorbing  gas  mass,  6  =  arc  tg  b,  2b Y  is  the 
width  of  the  spectral  interval  in  which  the  function  A  is  defined 
and  Jn(x)  Is  a  Bessel  function  of  order  n  of  an  imaginary  argu¬ 
ment  * 

The  following  asymptotic  formulas  for  A  can  be  obtained 
from  (3.16) 


I)  A  =  2x6/b; 

(3.18) 

2)  *>1,  A-  1— e"**+Kn£fl— 0>(z)l; 

(3.19) 

3)  6»1,  A  =  At  +  At, 

At  =  T*e~xlJo(x)  +  J,(x)], 

(3.20) 

A»=  1  —  e~**— KnI<I>(z); 

(3.21) 

4)  *»1,  *<1,  A  = 

(3.22) 

In  formulas  (3.19)  and  (3.21)  $(z)  is  the  error  probability 
integral,  with  the  argument  z  = 

We  will  compare  the  asymptotic  formulas  which  were  given 
for  the  absorption  functions  with  the  corresponding  formulas 
for  the  total  absorption  of  a  single  line  B  [formulas  (3.14) 
and  (3.15)]. 
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As  can  be  seen  by  comparing  formul®  (3.22)  and  (3.14), 
the  expressions  for  A  and  B  coincide  with  an  accuracy  up  to 
a  constant  multiplier.  This  means  that  the  physical  results 
which  follow  from  tl.e  analysis  of  one  formula  can  be  applied 
to  the  other  formula.  Thus,  both  A  and  B  do  not  depend,  in 
this  case,  on  the  pressure. 

A  comparison  of  the  limiting  formulas  (3.19)  and  (3.15) 
for  x^>l  shows  that  in  this  case  the  physical  results  which 
follow  from  an  analysis  of  the  expression  for  the  total  ab¬ 
sorption  of  a  line  cannot  be  used  when  the  absorption  func¬ 
tion  is  studied  in  a  fixed  spectral  interval.  In  particular, 
B  is  expressed  in  terms  of  the  square  root  of  the  absorbing 
mass  (the  so-called  square  root  law  for  a  single  line) , 
whereas  the  expression  for  A  is  entirely  different,  and  the 
square  root  law  cannot  be  applied  to  describe  the  absorption 
function  for  a  single  line  for  large  values  of  x  (large  w 
or  small  pressures). 

In  conclusion  we  note  that  neither  the  absorption  func¬ 
tion  A  )  nor  the  total  absorption  B  in  a  single  line  when 
x< 1  for  sufficiently  large  b  when  arc  tg  b  can  be  replaced 

by  does  not  depend  on  the  pressure  [see  (3.18),  (3.22)  and 

(3.14)].  For  x^>l  the  mass  of  the  absorbing  gas  w  and  the 
pressure  P  are  included,  according  to  the  law,  in  the  cor¬ 
responding  expression  for  A  and  B  [see  (3.19)  and  (3.15), 
which  include  the  halfwidth  y  -  y°P}. 

3.  Absorption  By  Groups  Of  Overlapping  Lines 

The  spectra  of  all  atmospheric  gases  consist  of  groups 
of  overlapping  lines.  Depending  on  the  radiation  source,  the 
absorption  of  which  in  the  atmosphere  must  be  known,  the 
overlap  of  the  individual  lines  must  be  taken  into  account 
for  individual  wavelengths  (for  example,  in  the  case  of  gas 
OKG  (lasers))  or  in  certain  spectral  intervals. 

One  of  the  following  three  ways  is  used  to  find  the  ab¬ 
sorption  functions:  1)  calculation  ba^ed  on  taking  into  ac¬ 
count  the  radiation  absorption  at  a  given  frequency  for  each 
line  of  the  spectrum,  2)  calculations  based  on  formulas  for 
the  spectral  models,  3)  experimental  determination  of  the  cor 
responding,  quantities  under  natural  or  laboratory  conditions. 
We  will  study  each  of  these  approaches. 

1.  Direct  Calculation  of  Absorption  Functions.  The  ab¬ 
sorption  function  for  a  group  of  overlapping  lines  (bands) , 
which  occupy  the  spectral  interval  [v^,  Vg]  for  the  case  when 
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the  pressure  along  the  trace  of  the  beam  and  the  intensity  of 
the  incident  radiation  in  the  interval  [v^,  Vg)  are  constant 

has  the  form 


where 


VI 


(3.23) 


(v); 


(3.24) 


b^v)  is  the  contour  of  the  i-th  line  normalized  to  unity.  In 

the  last  formula  the  summation  is  carried  out  over  all  lines 
which  contributes  to  the  radiation  absorption  with  the  fre¬ 
quency  v. 

If  we  assume  that  all  lines  contributing  to  the  radia¬ 
tion  absorption  with  frequency  v  have  a  dispersion  contour, 
then  we  obtain  from  (3.24) 

fe(v)~S5<ir  (v—v, /)*+?}  *  (3.25) 


Thus,  the  direct  calculation  of  the  absorption  function 
requires  that  the  position  of  the  centers,  the  intensity  and 
the  halfwidth  of  all  lines  which  can  contribute  to  radiation 
absorption  in  the  spectral  interval  under  consideration  be 
known.  The  calculation  and  experimental  determination  of  the 
line  parameters  for  the  atmospheric  gases  is  a  very  complex 
problem.  Only  in  the  last  few  years  has  progress  been  made 
in  this  problem.  A  number  of  publications  appeared  in  which 
the  absorption  functions  were  calculated  in  a  number  of  at¬ 
mospheric  gas  bands  and  a  series  of  articles  which  dealt 
with  the  experimental  determination  of  the  line  parameters. 

We  will  consider  this  work  in  subsequent  paragraphs  when  we 
will  consider  the  concrete  results  of  studies  dealing  with 
particular  atmospheric  gases.  Here  we  will  only  emphasize, 
that  in  spite  of  the  considerable  mathematical  and  computa¬ 
tional  difficulties  the  direct  calculation  of  absorption 
functions  has  undoubtedly  great  promise,  since,  with  the 
aid  of  it,  we  obtain  the  most  general  data  without  any  con¬ 
straints  on  the  spectral  interval  width  for  which  the  absorption 
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function  must  be  known. 

In  conclusion  we  note  the  approximate  method  for  calculat¬ 
ing  the  absorption  function  which  we  proposed  in  our  article 
[86]. 


The  formula  which  was  obtained  for  the  absorption  function 
has  a  general  character  and  can  be  used  to  calculate  radia¬ 
tion  absorption  in  various  narrow  spectral  bands,  where  the 
absorption  lines  can  be  described  by  a  dispersion  contour  with 
constant  halfwidths.  An  essential  fact  is  that  this  formula 
takes  into  account  radiation  absorption  in  a  given  interval 
by  lines,  the  centers  of  which  lie  within  this  interval. 

2,  Models  of  Absorption  Spectra,-  The  direct  calcula¬ 
tion  of  absorption  functions  is  very  laborious  and  cannot  al¬ 
ways  be  used  because  of  the  paucity  of  data  about  the  parameters 
of  individual  lines  in  the  absorption  spectra  of  atmospheric 
gases.  Because  of  this  when  absorption  functions  are  calcu¬ 
lated,  models  are  widely  used  to  model  the  spectra.  According 
to  this  method,  the  spectra  of  the  atmospheric  gases  are 
modeled  by  a  certain  set  of  assumptions  made  about  the  charac¬ 
ter  of  the  positions  and  intensities  of  the  lines.  In  all 
models  the  dispersion  contour  is  assumed  for  the  lines  and 
the  halfwidtls  of  all  lines  are  assumed  to  be  equal.  We  will 
consider  briefly  the  main  models  which  are  used  in  the  calcula¬ 
tion  of  atmospheric  gas  absorption  functions  (this  problem  is 
discussed  in  greater  detail  in  R.  Gudi's  monograph  [3 ]  and  in 
our  article  [88]): 

1.  The  absorption  function  in  the  Elsasser  Model. 


This  model  assumes  equal  intensities  of  the  lines  A, 
equal  halfwidths  y  and  equal  distances  d  between  the  lines 
within  the  limits  of  the  spectral  region  under  consideration. 
If  this  region  is  sufficiently  wide,  so  that  the  number  of 
lines  in  it  can  be  considered  to  be  large,  then  we  obtain  the 
following  expression  for  the  absorption  coefficient: 


'  ,  ,  .  S  sh  P  1 _ 

&  chp— cost 

.  _  2nv  .  a  ..  2ay 
d  '  P~  d  ' 


(3.26)  • 


Substituting  (3.26)  in  (3.23),  after  several  changes  of  variable 
we  can  obtain 


X’ 


A  =  shP  e-t'hf »/0(g)d$, 


(3.27) 
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(3.28) 


V 


where  JQ(§)  is  a  Bessel  function  of  order  zero  of  a  pure 
imaginary  argument. 

Integration  within  the  limits  stated  means  that  A  is 
calculated  in  the  spectral  interval  occupied  by  a  single  line. 
However,  keeping  in  mind  that  in  the  given  model  k(v)  is  a 
periodic  function  with  period  d,  the  value  A  for  any  spectral 
interval  containing  n  lines  will  also  be  determined  from 
(3.27). 

We  can  obtain  from  (3.27)  the  following  expression  for  the 
absorption  function  [88]: 


A  =  shpx'e-',el>Py0(*')  +  + 

x'  ■  +^j$e-tcM/0(S)dg. 


(3.29) 


For  the  atmosphere  ^1  (the  distance  between  the  lines 
is  much  larger  than  their  half widths).  For  this  case,  we  ob¬ 
tain  from  (3.29) 


A  =p*e-*<‘+>*/2>  {/„(*)+ A  Ml  + 


+PS  j  &-«*+>»/»/,  (6)  dg, 


(3.30) 


(3.31) 


We  will  consider  the  asymptotic  expression  for  A,  which  is 
derived  from  (3.30): 

1)  x^l.  Expanding  (3.30)  in  a  series  gives 

=  (3.32) 
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In  this  case  the  absorption  function  does  not  depend  on  the 
pressure.  It  should  be  noted  that  (3.32)  is  also  directly  ob¬ 
tained  from  (3.29),  and,  hence,  the  result  obtained  here  does 
not  depend  on  the  quantity  p. 

2)  x>l.  Using  the  asymptotic  expressions  for  the 
Bessel  function  for  large  values  of  the  argument  leads  in 
this  case  to  the  relation 


^  =  o(|/Y§1r)=a)(YKnSva))  .  (3.33) 


The  formula  which  was  obtained  implies  that  the  absorption 
function  does  not  depend,  in  the  given  case,  on  the  product 
uuP  and  on  tu  and  P  taken  separately.  We  emphasize  that  this 
conclusion  also  applies  to  the  case  (3^1. 

3)  x^>l  and  p^x^l  (the  lines  do  not  overlap  for  all 
practical  purposes).  (3.33)  implies  directly 


(3.34) 


4)  x  ra  1.  For  this  assumption  02x^l,  and  expanding 
the  integral  in  (3.30)  in  powers  of  x  gives 


A  =  p*e"v'  |7  o  (•*)  -I-  <M*)I  •  (3.35) 


We  note  that  in  [89]  and  [ 90 ]  the  expression  for  the  square 
root  law  (3.34)  was  obtained  from  the  Elsasser  model  in  the 
limiting  case  uu^l  and  We  have  shown  in  our  article 

[88]  that  this  result  is  erroneous. 

2.  The  Absorption  Function  in  a  Statistical  Model 

The  fundamental  assumption  in  the  statistical  model  which  was 
proposed  for  the  first  time  by  Gudi  [91 ]  is  that  the  distribu¬ 
tion  of  the  positions  and  the  line  intensities  in  the  spectrum 
when  their  halflengths  are  equal  are  random  and  obey  probability 
theory  laws.  The  idea  of  a  stochastic  model  was  further  de¬ 
veloped  in  the  work  of  Plass  [92],  Godson  [93],  Kaplan  [94]. 
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We  note  that  the  analytic  expressions  which  were  obtained 
in  [91 ]  -  [94]  give,  in  fact,  the  spectral  absorption  for  a 
particular  frequency  but  not  the  value  of  the  absorption  func¬ 
tion.  A  correct  mathematical  analysis  of  the  statistical 
model  which  is  based  on  introducing  the  "mean  measured  ab¬ 
sorption  coefficient"  is  given  in  the  work  of  V.  N.  Soshnikov 
[95  J.  Below  we  give  formulas  for  the  function  A,  from  which 
the  defect  which  occurred  in  [91  -  94]  has  been  removed. 

The  absorption  function  in  the  case  of  the  statistical 
models  for  a  sufficiently  wide  interval  v2  -  v^,  given  an 

equiprobable  distribution  of  the  lines,  has  the  form: 


A=  1 


1 

v2~v, 


Vs  v6 

j  dvexp  j  —  4-  j  dv'  x 


(jSy 

n 


_ 1  _ 

(v-v')H-v* 


(3.36) 


where  Q(S)  is  the  normalized  probability  density  function  for 
the  distribution  of  line  intensities,  d  is  the  mean  distance 
between  the  lines,  va  -  vb  =  D  is  the  interval,  the  lines  in 

which  contribute  to  the  absorption  in  the  region  -  Vj  un¬ 
der  consideration. 

If  we  further  assume  ivfc— Vo|>|v2— v, |,  then 

.  r  \  °r  ?  Syrn  1  . 

/I=l  — exp|  — —  j  dv' \  Q(5)[l  — c”  "  ^JdS}.  (3>37) 


Gudi  [91]  considered  the  case  when 

Q(S)  =  -i-e-S/5’ 


(3.38) 


where  S  is  the  mean  intensity  of  the  line  and  obtained 


1-exp  [• 


P*  1 
(1 J  ’ 


(3.39) 
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where 


(3.40) 


Plass  [92]  and  Godson  [93]  considered  the  case  when  all 
lines  have  equal  intensity,  i.e., 

Q(S)  =  6(S— S0),  (3.41) 


and  obtained 


A  - 1 — exp{{j£oe-*»  [•/o(*0)+-M*o)l}.  (3 . 42) 


where 


7  _  Spfi> 
2ny  • 


(3.43) 


Formula  (3.39)  has  the  following  asymptotic  expressions 

1)  x<l, 


(3.44) 


2)  x>l, 


A  =  1— exp(— 


(3.45) 


The  asymptotic  representation  for  formula  (3.42)  is 
analogous,'  only  in  (3.44)  x  must  be  replaced  by  xQ  and  in 

(3.45)  by  4xq/tt. 

As  in  the  case  of  the  Elsasser  model,  the  absorption 
function  for  small  x  does  not  depend  on  the  pressure,  and  for 
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x  it  depends  on  the  product  uP. 

Relations  (3.38)  and  (3.41),  which  define  the  distribution 
of  line  intensities  are  very  arbitrary.  However,  the  calcula¬ 
tions  made  by  V.  N.  Soshnikov  [95]  for  the  Boltzman  line  dis¬ 
tribution  by  intensities  have  shown  that  the  values  of  the 
function  A  do  coincide,  in  this  case,  for  all  practical  pur¬ 
poses  with  the  values  obtained  using  formulas  (3.39)  and  (3.42). 

3.  The  Absorption  Function  in  a  Combined  Model 

According  to  this  model,  proposed  by  Kaplan  [94]  and 
Plass  [92]  ,  it  is  assumed  that  all  lines  in  the  corresponding 
region  of  the  spectrum  can  be  broken  up  into  several  groups, 
within  eacu  of  which  these  lines  lie  at  an  equal  distance 
from  one  another  and  have  the  same  intensity  and  halfwidth, 
i.e.,  they  can  be  described  by  the  Elsasser  model.  The  groups 
themselves  are  situated  randomly,  as  the  lines  in  the  statis¬ 
tical  model.  The  expression  for  A,  in  this  case,  is  written 
in  the  form 


/!  =  1 


(3.46) 


where 


*'  =  -3]7hp7; 


(3.47) 


dj  is  the  distance  between  the  lines  in  the  j-th  group, 
described  by  the  Elsasser  model  with  line  Sj ,  N  is  the  number 
of  groups. 

The  limiting  relations  for  Pj^l  are  obtained  analogously 
as  in  the  Elsasser  model: 

1)  All  Xj>1, 

N  N 

A  =  Qxfij  =  u£S,ldj',  (3.48) 
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2)  All  x  >1, 

^  =  l_I](i-®/|5^); 

j-i 


(3.49) 


3) 


AU  Xj 


on  the  order  of  unity, 


N 

A  =  jl  {1  Pj*Je  ■M<^o(*/)-f«/i(Jf/)]}. 


(3.50) 


As  in  the  case  of  preceding  models,  for  small  x.  A  does 

J 

not  depend  on  the  pressure,  and  for  large  the  absorption 
function  does  depend  on  the  product  uiP. 

4.  Quasistatistical  Model .  This  model  was  proposed  by 
Wyatt,  Stull  and  Plass  [96]  and  is  based  on  using  the  funda¬ 
mental  idea  in  the  statistical  model.  The  spectral  interval 
Av  in  which  the  absorption  function  must  be  determined  is 
brokt3n  up  into  smaller  intervals  6  for  each  of  which  a 
statistical  model  is  used.  In  this  manner  the  main  disad¬ 
vantage  of  the  statistical  model  is  eliminated,  namely  the 
assumption  that  the  position  and  line  intensities  in  a  given 
interval  are  random.  In  fact,  the  smaller  the  spectral  inter¬ 
val,  the  more  valid  this  assumption  of  the  statistical  model 
must  be. 

The  lines  which  lie  within  each  interval  6  are  classified 
by  intensity  into  five  groups,  for  each  of  which  the  spectral 
transmission  f.(v)  is  determined  in  the  center  of  the  inter¬ 
val.  Then  a  simple  multiplication  of  the  values  of  f^(v) 

which  were  obtained  gives  the  spectral  transmission  in  the  cen¬ 
ter  of  the  interval  6,  which  is  considered  to  be  the  mean 
spectral  transmission  of  the  interval.  When  we  know  the  mean 
spectral  transmissions  in  the  intervals  6,  we  can  easily  find 
the  transmission  function  in  a  wider  interval  A.  The  procedure 
which  has  been  described  makes  it  possible  to  take  into  ac¬ 
count  with  sufficient  accuracy  the  contribution  to  the  radia¬ 
tion  absorption  in  a  given  spectral  interval  from  the  lines, 
the  centers  of  which  lie  beyond  the  limits  of  this  interval. 

We  note  that  the  method  of  breaking  up  the  spectral  in¬ 
tervals  under  consideration  into  small  intervals  and  using 
the  statistical  model  has  also  been  applied  in  the  work  of 
V.  N.  Soshnikov  [95,  97]. 
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5.  Some  General  Conclusions.  A  comparison  of  the  main 
formulas  for  the  absorption  function  in  the  models  which  have 
been  considered  shows  that  in  all  cases  the  argument  is  the 
quantity 

Si i) 

2nyop  •  (3.51) 


where  S  is  the  total  line  intensity  in  the  Elsasser  model, 

S  ■  S  or  S  ■  in  the  statistical  model  and  S  =  in  the 

combined  model .  , 

Depending  on  the  quantity  x,  in  each  model  one  or  another 
simple  asymptotic  formula  will  hold  for  the  absorption  func¬ 
tion.  It  is  essential  that  the  parameter  x  depends  on  the 
ratio  uu/P,  but  not  on  the  pressure  P  and  the  mass  of  the  ab¬ 
sorbing  gas  u*  which  are  taken  into  account  separately. 

In  the  case  x^l  the  absorption  function  in  all  models 
of  the  spectrum  does  not  depend  on  the  pressure  It  can  be 
shown  that  the  inequality  jk^I  is  equivalent  to  the  condi¬ 
tion  uuk(v)<^l  for  all  v  in  a  given  interval  Av  =  ?  [88]. 

By  equivalence  we  mean  here  that  both  conditions  y.reld  the  same 
results. 

For  j<^>1  the  absorption  function  in  all  models  depends  on 
\  VwP. .  It  can  be  shown  that  the  corresponding  asymptotic 

formulas  are  obtained  from  the  general  expression  (3.23)  fee 
the  absorption  function  when  (v  -  •  The  physical  mean¬ 

ing  of  this  condition  is  that  the  value  of  the  integral  (3.2i.^ 
is  determined  by  integration  over  the  regions  occupied  by  the 
fails  of  the  lines. 

The  limits  of  the  applicability  of  various  formulas  for 
the  absorption  functions  in  the  case  of  the  Elsasser,  the 
statistical  and  the  combined  models  have  been  studied  by 
Plass  [98].  The  numerical  calculations  which  we  carried  out 
have  shown  that  the  transition  region  between  the  asymptotic 
cases  x<^l  and  x^>l  is  comparatively  small.  It  can  be  as¬ 
sumed  approximately  that  a  relation  of  the  first  type  becomes 
directly  a  relation  of  the  second  type. 

The  expressions  for  the  absorption  functions  in  all  models 
contain  also  the  characteristics  of  the  spectral  lines  in  the 
interval  under  consideration,  i.e.,  the  distance  between  them, 
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their  intensity  and  halfwidth.  For  the  time  being  not  enough 
theoretical  or  experimental  data  is  available  for  these  line 
characteristics.  Therefore,  the  coefficients  in  the  formulas 
for  the  absorption  functions  which  contain  the  line  parameters 
are  usually  considered  when  the  models  are  used  in  practice  as 
fitted  parameters  which  are  determined  from  the  experi¬ 

mental  data.  The  methods  used  to  determine  these  parameters 
in  the  case  of  the  statistical  models  have  been  worked  out  in 
detail  by  Godson  {99,  100 ]. 

The  second  factor  which  restricts  the  possible  use  of  the 
method  of  modeling  the  spectrum  is  the  assumption  that  the 
linewidth  is  constant,  i.e.,  ignoring  the  relation  between  the 
halfwidth  of  the  lines  and  the  rotary  quantum  number. 

In  spite  of  the  shortcomings  which  have  been  pointed  out, 
calculating  the  absorption  functions  using  the  concept  of  a 
model  yields  satisfactory  accuracy  for  all  practical  purposes. 

The  important  advantage  of  the  model  method  besides  the 
simplicity  of  the  calculations  is  the  fact  that  it  is  possible 
to  estimate  quantitatively  with  their  aid  the  infrared  radia¬ 
tion  absorption  in  the  atmosphere  in  those  cases  when  this 
cannot  be  done  experimentally  or  when  doing  this  would  be 
so  costly  and  laborious  that  the  expenses  entailed  in  the 
process  would  be  incommensurate  with  the  results  obtained  (for 
example,  when  radiation  propagation  is  studied  at  high  al¬ 
titudes  both  along  the  horizontal  and  slanted  directions,  etc.). 
The  model  method  has  also  the  important  property  that  it 
is  possible  to  obtain  for  the  absorption  function  A  formulas, 
which  can  be  expressed  i.n  terras  of  elementary  functions,  which 
in  turn  makes  it  possible  to  analyze  the  dependence  of  this 
function  on  its  arguments  in  general  form. 

It  should  also  be  noted  that  in  experimental  absorption 
studies  due  to  the  limited  resolution  capacity  of  spectral  in¬ 
struments  we  measure  not  the  spectral  absorption  A(v)  or  the 
transmission  f (v)  but  the  absorption  (transmission)  function 
in  a  certain  spectral  interval,  which  depends  on  the  spec¬ 
trometer  parameters. 

Finally,  the  formulas  from  model  theory  can  be  very  use¬ 
ful  when  absorption  function  calculations  are  made  using  the 
direct  method.  They  can  reduce  considerably  the  amount  of 
computational  work  after  the  positions  of  the  centers,  the  in¬ 
tensity  and  the  halfwidth  of  the  lines  in  the  corresponding 
regions  of  the  spectrum  are  calculated  using  the  direct  method. 
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3 .  Experimental  Determination  of  Absorption  Functions. 

A  great  amount  of  work  has  been  devoted  to  determining  ex  per i- 
mentally  the  absorption  functions  for  various  atmospherj," 
gases  under  natural  and  laboratory  conditions,  the  main  re¬ 
sults  of  which  will  be  considered  below.  Here  we  will  only 
touch  on  the  advantages  and  disadvantages  of  determining  ex¬ 
perimentally  absorption  functions  in  comparison  with  the 
computational  methods  considered  above. 

The  experimental  determination  of  absorption  functions  is 
free  of  the  requirement  that  the  overlap  in  the  lines  be  taken 
into  account,  since  the  latter  takes  place  atomatically .  The 
methods  used  to  measure  the  absorption  functions  are  relatively 
simple,  which,  however,  does  not  apply  to  the  corresponding 
apparatus. 

Besides  the  complexity  of  the  apparatus,  the  experimental 
methods  used  to  find  the  absorption  functions  has  also  some 
other  disadvantages.  The  most  important  disadvantage  is  re¬ 
lated  to  the  limited  resolution  capacity  of  spectral  apparatus, 
which  distorts  the  real  picture  of  the  spectrum  and  causes 
errors  in  the  determination  of  the  absorption  functions  in 
relatively  narrow  spectral  intervals  (of  widths  less  than  the 
entire  absorption  band) .  In  several  cases  the  experimental 
determination  of  absorption  functions  is  a  very  difficult 
problem  (for  example,  absorption  function  measurements  along 
the  horizontal  traces  at  various  altitudes  or  in  slanted 
directions  when  the  terminal  points  of  the  measurement  trace 
lie  in  the  atmosphere) . 

Concluding  the  paragraph  about  the  methods  used  to  de¬ 
termine  the  absorption  functions,  we  should  note  that  each  of 
the  methods  considered  has  its  own  advantages  and  disadvantages 
and  an  equal  claim  to  existence.  The  development  of  all  methods 
considered  can  ensure  a  quick  solution  to  the  problem  of  ob¬ 
taining  sufficiently  accurate  quantitative  data  about  atmospheric 
gas  absorption  functions  in  various  sections  of  the  visible 
and  infrared  region  of  the  spectrum. 


4.  Limits  of  Applicability  of  the  Buger-Beer  Law 

When  the  absorption  coefficient  k(v)  [see  (3.1)]  and  the 
absorption  function  A  [see  (3.7a)]  were  defined,  we  assumed 
that  the  Buger-Beer  Law  holds.  This  assumption  is  also  used 
when  the  analytical  expressions  for  the  absorption  functions 
are  derived  in  al}  spectral  models.  Finally,  when  the  experi¬ 
mental  data  are  pr  cessed  it  is  also  usually  assumed  that  the 
Buger-Beer  law  holds.  With  regard  to  what  has  just  been  said 
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it  is  necessary  to  study  the  limits  of  applicability  of  this 
law.  In  the  process  we  must  distinguish  real  and  apparent  de¬ 
viations  from  the  law.  We  will  consider  both  types  of  devia¬ 
tions. 

The  Buger-Beer  law  is  derived  from  two  fundamental  assump¬ 
tions,  which  were  later  analyzed  theoretically  by  A.  A. 

Gershun  [lOl]  and  Strong  [102].  To  characterize  these  assump¬ 
tions  we  will  write  the  expression  for  the  law  in  the  following 
form: 


/(v)  —  /0  (v)e-*(v)el. 


(3.52) 


When  (3.52)  is  derived,  the  assumption  is  made  that  the 
absorption  coefficient  k(v)  depends  neither  on  the  intensity  of 
the  incident  radiation  IQ(v)  nor  in  the  concentration  c.  The 

first  assumption  was  verified  experimentally  by  S.  I.  Vavilov 
[103],  who  has  shown  that  it  is  valid,  when  Iq(v)  changes 

almost  by  20  orders,  for  electronic  transitions  in  which  the 
lives  of  the  atom  are  of  short  duration  in  the  excited  state 
t.  When  S.  I.  Vavilov  studied  electronic  transitions  with 
large  t,  he  found  that  the  absorption  coefficient  does  depend 
on  IQ(v). 

To  the  best  of  our  knowledge,  the  dependence  of  the  co¬ 
efficient  k(v)  on  I y(v)  has  not  been  verified  for  vibration- 

rotation  transitions  in  atmospheric  gas  absorption  spectra. 
However,  in  this  respect  certain  conclusions  can  be  made, 
starting  out  with  the  fact  that  the  total  solar  radiation  ab¬ 
sorption  in  the  earth's  atmosphere  which  was  calculated  for 
individual  lines  and  groups  of  lines  did  agree  well  with  the 
experimental  data,  for  example,  in  the  work  of  Houghton  [104]. 
Analogous  results  were  obtained  in  a  number  of  other  papers, 
for  wide  spectral  intervals  which  contained  entire  absorption 
bands.  This  shows  that  for  the  lines  and  bands  which  were 
studied  for  values  of  IQ(v)  which  are  characteristic  of  the 

solar  radiation  spectrum,  the  dependence  of  k(v)  or  IQ(v)  is 

negligible.  It  is  not  possible  to  draw  any  other  conclusions 
without  additional  studies.  Apparently,  we  should  expect  a 
dependence  of  k(v)  on  IQ(v)  when  powerful  lasers  are  used  for 

the  radiation  sources.  Here  the  dependence  of  k(v)  on  IQ(v) 

will  be  different  for  different  lines. 


The  independence  of  k(v)  of  the  concentration  c,  means 
that  every  molecule  absorbs  the  radiation  independently  of  the 
other  molecules.  As  many  experimental  studies  have  shown, 
this  assumption  is  valid  when  the  absorbing  particle  concentra¬ 
tions  are  small.  If  the  absorbing  gas  concentrations  are  in¬ 
creased  and  extraneous  gases  are  added,  the  intermolecular 
interaction  effects  are  magnified,  which,  in  turn,  change  the 
values  of  the  absorption  coefficient  and  lead  to  real  devia¬ 
tions  from  the  Buger-Beer  law.  In  the  infrared  region  this 
effect  was  observed  experimentally  for  the  first  time  by 
Angstrom  [105]  in  his  studies  of  total  carbon  monoxide  absorp¬ 
tion.  Schaefer  [106]  studied  COg  spectral  absorption  in  the 

bands  2.7  and  4.3  |i  and  also  discovered  a  relation  between 
k(v)  and  the  partial  pressure.  Eva  Bahr  [107]  studied  the 
infrared  radiation  absorption  by  mixtures  consisting  of  various 
absorbing  and  extraneous  gases  and  reached  the  conclusion  that 
the  observed  deviations  from  the  Buger-Beer  law  are  caused- 
by  intermolecular  collisions.  The  intermolecular  interactions 
lead  to  a  broadening  of  the  spectral  absorption  lines  which 
depends  on  the  partial  pressures  of  the  absorbing  and  ex¬ 
traneous  gases  and  temperature.  The  broadening  in  the  spec¬ 
tral  lines  leads,  in  turn,  to  a  change  in  k(v).  When  applied 
to  the  infrared  radiation  absorption  conditions  in  the  atmo¬ 
sphere  where  the  total  pressure  does  not  vary  much  in  time  at 
a  given  altitude  and  the  partial  pressures  of  the  absorbing 
gases  are  small  compared  to  the  total  pressure,  in  the  majority 
of  cases,  when  great  accuracy  of  the  solution  of  the  correspond¬ 
ing  problem  is  not  required,  the  Buger-Beer  law  can  be  con¬ 
sidered  to  be  valid.  It  must  be  kept  in  mind  that  the  absorp¬ 
tion  coeffient  k(v)  when  the  radiation  is  propagated  along  the 
horizontal  traces  at  various  altitudes  will  be  different  for 
the  same  frequency  v,  since  the  total  and  partial  pressure  of 
the  absorbing  components  do  depend  on  the  altitude.  In  the 
case  when  certain  infrared  radiation  absorption  characteristics 
must  be  determined  with  great  accuracy  when  the  radiation  is 
propagated  along  the  horizontal  traces,  it  must  be  kept  in  mind 
that  for  a  concentration  of  the  fundamental  absorbing  component 
of  the  atmosphere  (water  vapor),  equal  to  1%  of  the  volume, 
the  contribution  to  the  broadening  of  the  absorption  lines  due 
to  molecular  collisions  in  the  water  will  be  equal  approximately 
to  5%  of  that  obtained  from  the  collision  of  water  and  air 
molecules. 

We  will  now  consider  the  apparent  deviation  from  the  Buger- 
Beer  law  caused  by  the  limited  resolution  capacity  of  instru¬ 
ments  used  in  experiment  absorption  studies.  It  is  known  that 
a  light  beam  emanating  from  any  spectrometer  contains  the  fre¬ 
quency  interval  which  is  determined  by  the  resolving  power  of 


the  instrument.  The  highest  resolution  obtained  in  spectrom¬ 
eters  with  the  fraction  lattices  in  the  nearest  infrared  region 
is  equal  to  0.025  cm-*  [108]  -  [lio].  The  halfwidth  of  the  in¬ 
dividual  lines  of  the  rotation-vibration  absorption  bands  (see 
para.  5)  in  the  lower  layers  of  the  atmosphere  fluctuates  from 
several  hundredths  to  several  tenths  of  an  inverse  centimeter. 
This  means  that  even  if  instruments  with  a  high  resolution 
capacity  are  used,  the  spectral  width  of  the  instrument  slit 
has  the  same  order  of  magnitude  as  the  v.idth  of  the  absorption 
line.  The  output  slit  of  standard  spectrometers  receives 
several  lines  or  several  groups  of  lines.  The  spectral  trans¬ 
missions  T(v)  recorded  by  the  instrument  will  not  be  equal  to 
its  real  value  f(v).  In  fact,  T(v)  will  characterize  the 
transmission  function  which  is  distorted  by  the  action  of  the 
spectrometer  apparatus  function  for  the  interval  Av,  which  is 
equal  to  the  spectral  width  of  the  output  slit  of  the  instru¬ 
ment  (Fig.  3.1,  3.2). 


A*  b 

P*1  amn  v’0,001  cm  H*0 


Fig.  3.1.  Completely  vesolved  absorption  spectrum  of  water 
vapor  in  the  region  3850  -  3900  cm-*  (2.56  -  2.6  (i)  at  a 
pressure  P  -  1.0  apm  and  a  settled  water  layer  w  =  0.001  cm 
(top  curve)  and  w  =  0.01  cm  (bottom  curve)  1189]. 

Key:  a.  atm 
b.  cm 
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Fig.  3.2.  Water  vapor  absorption  spectrum  obtained  by  multi¬ 
plying  T(v)  (Fig.  3.1)  by  the  apparatus  function  with  widths 
2a  -  2.0  cm”1  [189] 


Key*  a. 


The  distorting  effect  of  the  spectrometer  on  the  actual 
spectral  picture  and  the  related  deviation  from  the  Buger-Beer 
law  is  greater  the  smaller  the  resolution  power  of  the  instru¬ 
ment  and  the  more  the  absorption  coefficient  depends  on  the 
frequency.  Only  in  the  case  when  k(v)  -  const  in  the  spectral 
interval  under  consideration  the  spectral  transmission  will 
be  equal  to  the  actual  value. 

The  spectral  absorption  A'(v)  is  related  to  the  actual 
absorption  A(v)  and  the  apparatus  function  S  by  the  relation 


A'(v)=  J  S(v— v'M(v')dv\ 


If  the  apparatus  function  given  is  a  Gaussian  distribu¬ 
tion,  then  A’(v)  takes  on  the  form 


A'  (v)  = 


Vliil 

a*Vn 


J  «p{ 

—CO 


^(v-v')*}/4(v')dv',  . 


where  a  is  the  halfwidth  of  the  apparatus  function.  Using  the 
Fourier  transform,  we  can  write 
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where  A'(uu)  and  S(u>)  are  the  transforms  of  A(v)  and  S(v). 

Kostkowski  and  Bass  [784]  calculated  A(v)  exhaustively 
for  the  cases  when  the  absorption  line  has  the  dispersion 
form  and  the  apparatus  function  is  described  by  the  Gaussian 
distribution.  A  detailed  theoretical  study  of  the  effect  of 
the  spectrometer  on  the  spectral  and  total  transmission 
measurement  result  has  been  carried  out  in  the  work  of  Nielsen, 
Thronton  and  Dolle  [ill],  where  it  was  shown  for  the  first 
time  that  the  total  band  absorption  does  not  depend  on  the 
width  of  the  instrument  slit.  This  was  subsequently  confirmed 
experimentally  in  the  work  of  Howard  [112]  and  in  our  work 
[113,  114].  V.  P.  Kozlov  and  E.  0.  Fedorova  [115]  derived  a 
formula,  which  can  be  used  to  estimate  the  maximum  error  made 
on  the  interval  Av  when  the  total  transmission  is  determined 
by  the  spectrometer  from  its  known  apparatus  function. 

The  effect  of  the  spectrometer  on  the  spectral  absorption 
measurement  results  due  to  the  apparatus  function,  the  spectral 
width  of  the  slit  and  the  scanning  speed  and  the  selection  of 
optimum  measurement  conditions  have  been  studied  in  many  papers 
(see,  for  example,  the  surveys  [116,  117,  785]  and  articles 
[118  -  123]). 

5.  Fine  Structure  of  the  Vibration-Rotation  and  Pure 
Rotation  Spectrum  of  Water  Vapor 

We  will  consider  the  state  of  theoretical  and  experimental 
studies  of  the  position  of  line  centers,  their  intensities 
and  halfwidths  in  the  vibration-rotation  and  pure  water  vapor 
spectrum. 


1.  Position  of  Line  Centers 


1.  Theoretical  Study 

The  position  of  the  absorption  line  centers  vQi  can  be 

calculated  on  the  basis  of  quantum  absorption  theory.  To  find 
vQi,  we  must  have  the  molecular  energy  levels  and  the  transi¬ 
tion  combinations  from  which  we  can  obtain  according  to  the 
known  selection  rules  the  quantities  sought.  The  vibration- 
rotation  molecular  levels  can  be  obtained  approximately  by 
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simply  summing  the  vibration  and  rotation  energy,  which  were 
determined  separately. 


The  vibration  energy  problem  of  a  molecule  has  been  studied 
in  detail  by  Dennison  [124 J,  Bonner  [125],  Escart  [126]  and 
others,  who  have  shown  that  the  solution  of  the  quantum  mechanics 
anharmonicity  oscillator  problem  requires  that  the  anharmonicity 
constants  be  known.  To  find  these  constants,  the  corresponding 
experimental  data  must  be  used.  G.  A.  Khachkuruzov  [127 J 
calculated  in  this  manner  the  energy  for  the  first  100  water 
molecule  vibration  level3. 

The  problem  of  determining  the  rotation  energy  for  a 
molecule  of  the  asymmetric  gyroscope  type,  which  includes  the 
water  molecule,  was  solved  by  Wang  [ 128 J  and  Ray  [129]. 

Ray  introduced  the  concept  of  an  asymmetric  parameter  and 
has  shown  that  the  problem  can  be  reduced  to  finding  a  certain 
quantity  which  depends  only  on  this  parameter.  The  Ray  method 
was  further  developed  and  reduced  to  numerical  calculations 
by  King,  Hainer  and  Cross,  who  published  tables  which  can  be 
used  to  calculate  the  rotation  energy  up  to  j  =  12  [130 ]. 

These  authors  have  shown  in  article  [131 ]  the  method  for  cal¬ 
culating  the  rotation  energy  for  j  >12  which  Erlandsson  used 
to  calculate  the  rotation  energy  up  to  j  =  40  [52]. 

Thus,  the  apparatus  for  calculating  approximately  the 
vibration-rotation  energy  of  an  HgO  molecule  has  been  worked 

out.  The  accuracy  with  which  vQi  is  determined  is  fully 

adequate  for  the  solution  of  many  problems  which  require  that 
the  transmission  function  be  known  in  intervals  which  are  not 
very  narrow.  In  those  cases  when  the  problem  requires  spectral 
transmission  data  T(v),  for  example,  when  a  laser  is  used 
as  the  light  source,  the  approximation  considered  is  inadequate, 
especially  for  lines  caused  by  transitions  with  high  j.  To 
determine  exactly  the  vibration-rotation  energy  levels  of  the 
molecule,  and  consequently  the  values,  we  must  take  into 

account  the  interactions  between  the  vibrations  and  oscilla¬ 
tions.  The  first  attempt  to  do  this  with  the  aid  of  the 
perturbation  method  was  made  by  Wilson  and  Howard  [132].  These 
men  have  shown  that  when  the  interactions  are  taken  into  account 
new  terms  appear  in  the  operator  for  the  rotation  energy,  the 
coefficients  of  which  were  called  the  ’’centrifugal  distortion 
constants."  Wilson  [133]  was  able  to  find  an  analytic  relation 
between  these  constants  and  the  parameters  of  the  molecule.  The 
study  of  M.  A.  El'ychevich  [134 ]  is  also  devoted  to  this  problem, 
who  derived  general  formulas  for  the  centrifugal  distortion 
constants. 
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Schaefer  and  Nielsen  [ 135 ]  found  the  vibration-rotation 
energy  values,  the  centrifugal  distortion  constants  for  a 
molecule  of  the  XYg  type  and  derived  an  equation  which  can  be 

used  to  determine  most  anharmonicity  constants.  The  solution 
of  Schrodinger ' s  differential  equation  for  an  asymmetric  gyro¬ 
scope  is  also  treated  in  the  work  of  Majumdar  [136,  137],  who, 
in  particular,  carried  out  the  numerical  calculations  of  the 
vibration-rotation  energy  for  j  =  10.  A  comparison  of  the 
calculations  with  Benedict's  data  [138]  has  shown  that  their 
difference  does  not  exceed  3.48  cm--1-  for  energy  values  from 
1114.6  cm-1  (jT  =  IO^q)  to  2698.6  cm-*  (JT  =  10^Q) ,  which 

shows  good  agreement  between  the  corresponding  calculated  and 
experimental  data. 

However,  the  accuracy  for  calculating  the  positions  of  the 
lines  which  was  mentioned  is  completely  inadequate  in  the  solu¬ 
tion  of  problems  related  to  the  quantitative  estimation  of 
OKG  (laser)  radiation  absorption  in  the  atmosphere  and  for 
problems  in  which  the  absorption  functions  must  be  found  in 
narrow  spectral  intervals.  Thus,  the  results  which  have  been 
obtained  in  the  theory  until  the  most  recent  time  have  not 
given  the  required  accuracy  for  determining  the  position  of  the 
line  centers.  For  this  reason  the  appropriate  studies  were 
made  in  the  laboratory  of  the  author,  the  results  of  which 
were  described  in  detail  and  published  in  articles  [139-147, 
343,  779]. 

To  find  the  system  of  vibration-rctation  levels,  the 
com;. 'Vote  Schrodinger  equation  for  the  vibration-rotation  move- 
mei '  of  molecular  nuclei, 


(3.53) 


must  be  solved  where  H  and  i|j  are  the  vibration-rotation 
Hamiltonian  and  the  wave  function  of  the  molecule,  E  are  the 
eigenvalues  of  the  energy  operator. 

The  vibration-rotation  Hamiltonian  for  molecules  of  the 
XY2  is  written  in  the  form 


H  —  Ho  +  y  2  PafiPaPfi  —  y  8iPt> 

ap 


(3 . 54) 
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where  Hy  is  the  Hamiltonian  of  the  anharmonicity  vibrations  of 

the  system  of  nuclei,  which  is  written  either  in  exact  form 
[132,  135,  148,  149]  or  in  approximate  form  [145],  P&  is  an 

operator  of  the  projection  of  the  complete  angular  moment  on 
the  a  axis  of  the  coordinate  system  rigidly  connected  to  the 
molecule  (a  =  x,  y,  z) ,  is  a  known  [132]  function  of  the 

normal  coordinates  q.  (k  =  1,  2,  3),  &  =  PtA  +  pt  =  ^OUqtPit 

is  the  projection  of  the  angular  vibration  moments  on  the  z 
axis  and  is  the  Coriolis  constant. 

Since  it  is  not  possible  to  obtain  a  solution  of  the 
Schrodinger  equation  with  a  Hamiltonian  of  the  form  (3.54) 
in  closed  form,  various  approximate  methods  are  used. '  The 
usual  approach  is  as  follows:  using  a  unitary  transformation. 
[134]  or  a  sequence  of  contact  transformations  [150-153], 
the  matrix  of  the  operator  H  is  reduced  to  diagonal  form  in 
terms  of  the  vibration  quantum  numbers.  Next  from  the  diagonal 
elements  the  rotation  energy  operator  is  isolated  and  the 
eigenvalue  problem  for  a  non-rigid  asymmetric  gyroscope  is 
solved. 

We  will  follow  this  general  procedure,  but  we  will  diagon¬ 
alize  the  matrix  of  the  operator  H  with  the  aid  of  perturba¬ 
tion  theory.  In  (3.54)  we  take  for  the  zero  approximation 

H°  =  Hy,  so  that  the  perturbation  operator  is 


[W  =----  y  2  HaffPaPf)  “ 4* 
up 


(3.55) 


and  the  matrix  elements1  <o| te>] w*>  are  noncoramutative  relative 

to  the  rotation  variables.  If  we  use  the  available  formulas 
from  ordinary  perturbation  theory,  then  we  run  into  difficulties 
already  in  the  third  approximation,  which  are  due  to  the  in¬ 
determinacy  of  the  order  of  the  matrix  elements.  However,  in 
the  process  of  writing  the  formulas  from  perturbation  theory, 
we  can  determine  uniquely  the  order  in  which  the  matrix  ele¬ 
ments  follow  one  another. 

We  will  consider  the  limits  of  the  applicability  of  per¬ 
turbation  theory  in  this  case. 

It  is  known  that  the  condition  for  the  applicability  of 
perturbation  theory  is  written  in  the  form  [ 154 ] 
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We  note  that  as  El’yashevich  has  shown  [134]  in  the 
expansion  for  the  vibration  energy  operator  the  ratio  of  the 
last  term  to  the  preceding  term  is  approximately  equal  to  X. 
For  light  molecules,  such  as  the  water  molecule,  X  n  10"*. 
Simple  estimates  further  enable  us  to  write 


'  F -  ~  A  /  > 


(3.57) 


where  j  is  the  rotation  quantum  number,  Ev  are  the  eigenvalues 
and  <v|  are  the  eigenfunctions  of  the  operator  H°  =  Hy. 

Thus,  for  rotation  levels  with  the  quantum  number  j<31, 
the  condition  for  the  applicability  of  perturbation'  theory 
is  satisfied  in  the  given  case.  We  must  note  that  for  those 
vibration  levels,  for  which  the  energy  is  approximately  equal 
(random  degeneracy) ,  the  estimates  which  were  given  need  not 
hold,  so  that  if  the  method  which  was  described  is  used  in 
such  cases,  caution  must  be  exercised. 

Equality  (3.57)  enables  us  to  estimate  the  orders  of  the 
contributions  of  various  approximations  in  the  rotation 
energy  operator  H\tl  ■  in  relation  to  the  zero  approximation. 

For  the  zero  approximation  we  take  the  Hamiltonian  of  an 
effective  rigid  asymmetric  gyroscope: 


(/tfV" -is  <■»«,. 


(3.58) 


where  «<,«  - (^1^ | j v,y,u3)0  are  the  effective  rotation  constants. 

Because  of  the  properties  of  the  perturbation  operator, 
the  corrections  from  each  approximation  are  nonhomogeneous.. 

For  approximation  number  n  there  are  n  +  1  terms  for  n  even 
and  n  terms  for  n  odd.  The  orders  of  these  terms  for  each  j 
are  generally  different.  For  example  eighth  degree  terms  of 
the  angular  moment  projections  from  the  fourth  approximation 
become  larger  as  j  increases  (for  j^lO)  than  sixth  order 
angular  moment  projection  terms  from  the  third  approximation, 
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i.e.,  a  redistribution  of  the  contribution  of  individual  terns 
occurs.  Within  each  approximation  a  redistribution  of  the 
contributions  also  occurs.  For  example,  in  the  second  approxi¬ 
mation,  for  j<10,  the  greatest  contribution  to  the  nonrigid 
gyroscope  Hamiltonian  should  occur  from  terms  with  while  for 

j  m  30  the  maximum  contribution  comes  from  the  terms  with  P1 . 

a 

A  detailed  analysis  of  the  problem  made  it  possible  to 
obtain  an  estimate  of  the  absolute  admissible  error  when  the 
matrix  elements  of  the'  tfj»)  ,  operator  are  calculated  for  any 

l^j<30  and  the  maximum  error  when  the  rotation  level  energy 
is  determined.  Thus,  in  order  that  the  errors  for  j  *  10  do 
not  exceed  0.1  cm'1,  we  must  take  into  account  all  terms  which 

O  O  A  e  q 

contain  P  ,  P  ,  P  ,  P ,  P  ,  P  up  to  the  fourth  approximation. 

At  the  same  time  we  need  not  take  into  account  terms  with  P7. 

After  transformation  with  the  aid  of  the  commutative  relations, 
the  nonrigid  gyroscope  Hamiltonian  \ //}?*  can  be  written  in  the 

fourth  approximation  in  the  following  form: 


Wji  ^  —  2  baa.Pa  -f-  lafixbP aPfiPyPt  + 

a  afiyt 

+  2  [aPv»«llP«^W,-l- 

o(Jv4tr)v{ 


Simple  but  laborious  calculations  enable  us  to  find  an 
analytic  expression  for  the  effective  rotation  constants  baa 

and  the  centrifugal  distortion  constants  T«w.  Iapy6e»)|  and 
(ctPYfieT)vfcl.  .  For  example 


[o'PvMvSl^S^y^-f- 

+  S^>eVtrir|~i-  (v»4  y)  • 


Here  is  the  fundamental  frequency,  x{6en  .  is  the  linear  co¬ 
efficient  in  the  expansion  for  the  centrifugal  distortion  con¬ 
stants  of  order  two  in  terms  of  the  rotation  quantum  numbers, 

Map— o'  will  now  write  the  complete  vibration-rotation 
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Schrodinger  equation  in  the  following  form: 

[H9+H^  +  HRv-H^  =  Eyp,  (3.61) 


where  we  introduced  Hj^  to  denote  the  second  and  third  terms 
in  (3 . 54) . 

Perturbation  theory  is  used  to  solve  equation  (3.61).  The 
operator'  hb  +  H^].  is  taken  for  the  zero  approximation.  Then 

from  the  method  used  to  obtain  the  operator  -  it  follows 
that  the  total  vibration-rotation  energy  is 


E=-.Ee+EW 


(3.62) 


with  an  accuracy  up  to  the  terms  which  were  ignored  in 

The  complete  normalized  vibration-rotation  functions  in 
the  second  approximation  in  perturbation  theory  are  written 
in  the  form 


’I’oA  —  (1  +  vjx)  'M’Jt1  *f*  (CpjT,  V'i’X'  + 

V'l'X' 


(3.63) 


where 


CiVt.  v'i'x'  =  (v'j'x'  I  RHr,  I  vjx)\ 


(3.64) 


R  = 


E9-H9 


is  the  resolvent  operator  in  the  vibration  problem 


Ciji,  = Kv'j'x'  |  RBb  |  v'j'x')  - 

-  ( vjx  |  HR9 1  vjx)\  {v'j'x'  |  R}Hn,  |  vjx)  + 

+  t6..(w')(/t'I«I  h)+ 

+  T  2  («*>')</*' I WM/*>  + 

oP 

+b,Mw'){jx'\PtPaPp\jx)  + 

+  T  2  K)  </»'  I  PaPfiPyPt  |  /T>; 

apv« 


(3.65) 
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vjx  —  ~2  2  beta  (w)  (jx  |  Pa  \jx)  + 
a 

+  T  S  W  (w)  </*  I  WV’fl  I  ;t>.  (3.66) 

affya 


The  constants  baa(w)  are  analogous  to  the  corrections  for 
the  effective  rotation  constants  and  the  constants '  taw- 
to  the-  corrections  for  the  centrifugal  distortion  constants: 


btt(w)^.l.(v\glRigl\vyt 

boLOL  (w)  =  ±  iti  (e  |  £,/?%„  |  v),  a  —  x,  y\  (3.67) 

/apv*  (w)  =  I  I  ">• 


With  regard  to  the  constants  ■  baflt  (vv'),  bzaP,  6„  and  ta^»! . 
these  have  the  following  form: 


A{W')  “(  —  l)n  <l>' | /?a/?6 1  u), 


(3.68) 


where  a,  b  are  various  combinations  of  the  gz  and  pap  opera¬ 
tors,  n  is  the  number  of  a  operators  among  a  and  b. 

z 

On  the  basis  of  the  expressions  obtained  estimates  were 
calculated  for  the  contribution  of  various  terms  in  the  2-nd, 
3-rd  and  4-th  approximation  to  the  Hamiltonian  of  the  nonrigid 
gyroscope  for  j  =  1  (1)  30.  The  data  obtained  enable  us  to 
determine  the  maximum  order  of  the  approximation  for  the  opera¬ 
tor  which  must  be  used  to  find  for  a  known  j  the  position 

of  the  center  of  the  corresponding  line  with  the  required  ac¬ 
curacy.  The  subsequent  procedure  for  solving  the  problem  re¬ 
duces  to  the  following.  All  coefficients  in  the  expression 

for'  are  found,  the  operator  matrix  is  constructed,  and 
is  diagonalized  numerically.  Then  the  eigenvalues  of  the 

operator  ->  are  found,  and  from  formula  (3.67)  the  values  of 
the  total  vibration-oscillation  energy  are  found,  from  which, 
using  the  selection  rules  the  centers  of  the  corresponding 
lines  are  easily  found. 

2.  Experimental  Studies 

A  great  deal  of  work  has  been  devoted  to  the  study  of  the 
fine  structure  of  the  pure  rotation  and  vibration-rotation 
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spectra  [206 ].  The  first  studies  of  the  vibration-rotation 
bands  were  carried  out  by  Sleator  [  155  ]  and  Sleator  and  Phelps 
[ 156 ] ;  however,  the  resolution  obtained  did  not  make  it  pos¬ 
sible  to  carry  out  an  analysis  of  the  rotational  structure. 

In  this  connection  Plyler  and  Sleator  [157]  and  then  Plyler 
[I5fe]  investigated  new  bands  with  improved  resolution.  Using 
the  data  in  [157  and  158]  and  also  the  results  of  natural 
measurements  in  the  photographic  region  of  the  spectrum, 

Mecke  aid  his  collaborators  1159  -  161]  carried  out  for  the 
first  time  an  analysis  of  the  rotation  structure  of  individual 
bands  and  determined  the  moments  of  inertia  and  the  geometric 
parameters  of  a  water  molecule. 

Nielsen  [162]  studied  the  water  vapor  spectrum  with  high 
resolution  in  the  region  of  fundamental  vibration  frequencies 
and  the  combination  frequency  bands  (v^  +  vg)  and  (vg  +  v3) . 

Nielsen  and  Benedict  [163]  with  a  somewhat  better  resolution 
than  in  [162]  studied  the  spectral  region  from  1.34  to  1.97  u. 

In  [164]  Benedict  and  Plyler  made  a  second  study  of  the  2.7  n 
band,  with  high  resolution.  The  authors  of  [164]  gave  a  new 
identification  for  lines  in  the  band  v^,  extended  the  struc¬ 
tural  analysis  of  the  band  and  gave  the  values  of  the  ro¬ 

tation  terms  (100)  and  (001)  states  up  to  j  =  13.  Additional 
data  for  the  analysis  for  the  fine  structure  of  the  water  vapor 
spectrum  is  given  in  the  work  of  Benedict  [165],  Plyler, 

Gailar  and  Wiggins  [60 ]  studied  with  high  resolution  the  vi¬ 
bration-rotation  water  vapor  spectrum  and  determined  with  great 
difficulty  certain  wavelengths  which  are  needed  to  calibrate 
spectrometers. 

The  water  vapor  spectrum  in  the  regions  4.5  -  5.7  and 
6.6  -  13  n  have  been  studied  in  detail  by  Benedict,  Claassen 
and  Shaw  [166].  As  a  result  of  the  work  a  more  detailed 
analysis  of  the  rotation  structure  of  the  v2  band  was  carried 

out,  the  rotation  terms  of  the  fundamental  state  were  deter¬ 
mined  up  to  j  =  18,  and  the  terms  for  the  (010)  and  (020) 
states  were  calculated,  and  the  values  for  several  rotation 
constants  of  the  HnO  molecule  were  obtained.  The  5.26  -  7.14  n 
spectral  region  has  been  studied  in  detail  with  high  resolu¬ 
tion  by  Dalby  and  Nielsen  [ 167  ] .  The  studies  of  the  section 
of  the  water  vapor  sector  in  the  1.9  \x  region  with  high  resolu¬ 
tion  [l68].made  it  possible  to  obtain  data  about  high  vibration 
state  levels  and  absorption  bands  between  the  high  vibration 
levels:  (021)  -  (010)  and  (031)  -  (020). 

The  pure  rotation  water  vapor  absorption  spectrum  with 
high  resolution  was  studied  by  Barnes  and  Benedict  [169]  who 
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improved,  the  accuracy  of  the  Uecke  data.  The  most  detailed 
study  in  the  18  -  135  |i  region  was  carried  out  by  Randall, 
Dennison,  Ginsberg  and  Weber  [170 ]  and  Dennison  [171],  who 
recorded  more  than  200  absorption  bands.  N.  G.  Yaroslavskiy 
and  A.  E.  Stanevich  [172]  extended  considerably  the  high 
resolution  rotation  absorption  spectrum  studied.  Their  measure¬ 
ments  were  made  in  the  range  20  -  2500  p.  New  data  about  the 
pure  water  vapor  rotation  spectrum  in  the  wavelength  range 
55  -  1000  u  was  obtained  by  N.  I.  Furashov  [173], 

We  will  briefly  consider  studies  of  the  fine  structure 
of  the  water  vapor  absorption  spectrum  under  natural  conditions. 
In  the  majority  of  cases,  the  radiation  source  used  was  the  sun. 
Together  .  with  the  water  vapor  absorption  spectrum  measure¬ 
ments  which  were  made  under  natural  conditions,  the  spectra  of 
other  gases  in  the  atmosphere  were  also  recorded.  For  this 
reason  it  is  not  always  possible  to  fully  identify  the  lines 
because  of  the  corresponding  overlap  of  the  spectra.  Neverthe¬ 
less,  most  lines  were  identified. 

The  first  atlas  of  the  solar  radiation  absorption  spectrum 
in  the  earth’s  atmosphere  was  published  by  Minnaret,  Mulders 
and  Houtgast  in  1940  [174].  This  atlas  contains  the  spectral 
region  3612  -  8771  A  which  is  easily  accessible  to  photograph 
recording  of  the  spectrum.  In  1947  Babcock  and  Moore  [175] 
published  the  data  which  they  obtainedofor  the  solar  spectrum 
in  the  wavelength  region  6600  -  13495  A.  Mohler  and  his  col¬ 
laborators  carried  out  measurements  and  compiled  the  atlas  of 
the  solar  spectrum  in  the  region  from  0.8  to  2.6  p  [176 ] . 

In  articles  [177]  and  [178]  Mohler  and  Benedict  identified  the 
lines  of  this  atlas.  A  group  of  researchers  from  the  Ohio 
University  published  atlases  of  the  solar  spectrum  for  the 
regions  3.0  -  5.2  n  [179]  and  7  -  13  |i  ]180J.  In  the  1  -  13  n 
region  of  total  complexity  above  1600  lines  were  found,  out 
of  which  more  than  70% ’belonged  to  water  vapor. 

Migeotte,  Neven  and  Swenson  at  the  Jungfrau  High  Altitude 
Station  in  the  Swiss  mountains  (altitude  3580  m)  recorded  the 
solar  spectrum  in  the  wavelength  range  2.8  -  23.7  n  [ 181 ] . 

In  this  atlas,  the  authors  of  [ 181  ]  together  with  Benedict 
identified  over  3600  individual  lines  [182],  Using  perfected 
apparatus,  Delbouille  and  Roland  [ 183 ]  obtained  at  the  same 
Jungfrau  station  a  new  atlas  of  the  solar  spectrum.  About 
10  500  lines  were  discovered  in  the  relatively  narrow  region 
from  0.75  -  1.2  n. 

Farmer  and  Key  [184]  recorded  the  solar  radiation  spectrum 
at  an  altitude  of  5200  m  in  the  Bolivian  Andes  for  the  wave¬ 
length  range  7  -  400  u.  In  the  7  -  30  u  region  the  spectrum 
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was  obtained  with  0.3  cm-*  resolution,  and  new  telluric  HgO 

absorption  lines  were  recorded.  In  the  region  from  40  -  400  n, 
the  solar  radiation  in  the  atmosphere  column  above  5.2  p  is 
absorbed  almost  completely  for  all  practical  purposes  with  the 
exception  of  a  relatively  narrow  transparent  atmosphere  window 
which  was  discovered  by  the  authors  [184]  near  the  wavelength 
345  (i. 

The  absorption  spectrum  near  the  earth's  atmosphere  layer 
at  a  distance  of  16.3  km  which  was  obtained  with  high  resolu¬ 
tion  in  the  range  from  5400  to  8520  A  was  published  by  Curcio 
[185]  in  1963.  Due  to  the  sufficiently  high  resolution  and 
the  thick  atmosphere  many  weak  absorption  lines  were  detected 
in  [185]  in  the  visible  spectral  region. 

In  1966,  Moore,  Minnaret  and  Houtgast  published  tables  of 
the  absorption  spectrum  of  the  earth's  atmosphere  which  con¬ 
tained  in  the  region  2935  -  8770  A  about  24  000  lines. 

Oppenheim  and  Goldman  [ 187  ]  compiled  an  atlas  of  the  water 
vapor  absorption  spectrum  in  the  band  regions  1.9  and  2.7  p 
at  a  temperature  of  1200°K.  The  atlas  reflected  lines  caused 
by  the  transitions  between  the  high  energy  vibration-rotation 
levels  of  the  HgO  molecule. 

We  will  summarize  the  main  experimental  studies  of  the  water 
vapor  absorption  spectrum  under  laboratory  and  natural  condi¬ 
tions.  At  the  present  time  the  position  of  many  lines  in  both 
the  vibration-rotation  as  well  as  the  pure  rotation  HgO  spec¬ 
trum  have  been  determined.  However,  it  should  be  noted  that 
in  many  cases  even  in  the  spectra  which  were  recorded  with 
the  highest  resolution,  many  lines  which  lie  closely  to  one 
another  have  not  been  resolved.  Often  groups  of  lines  are 
taken  for  the  individual  lines.  In  particular,  this  applies 
to  the  regions  of  the  spectrum  which  contain  both  strong  and 
weak  lines.  The  accuracy  with  which  the  line  centers  are  de¬ 
termined  in  the  ultraviolet,  visible  and  near  infrared  regions 
fluctuates  between  the  limits  from  several  hundredths  to 
0.1  -  0.2  A. 

2.  Line  Intensities 

1 .  Theoretical  Studies 

The  calculation  of  the  spectral  line  intensities  of  mole¬ 
cules  of  the  rigid  asymmetric  gyroscope  type  presents  no 
theoretical  difficulties.  At  the  present  time  sufficiently 
detailed  data  is  available  fl88,  878],  which  gives  the  approximate 


picture  of  the  line  Intensities  for  the  water  vapor  rotation 
spectrum.  The  real  picture  of  the  spectrum  can  be  obtained  by 
solving  the  rotation  problem  for  the  nonrigid  gyroscope. 

When  the  line  intensities  are  calculated  exactly  in  the 
vibration-rotation  water  vapor  spectrum,  the  nonrigidity  of 
the  molecule  and  the  interaction  of  all  types  of  its  motion 
must  be  taken  into  account.  Usually  the  line  intensities 
in  the  vibration-rotation  KLO  bands  are  found  using  this 

approach  [879,  880].  It  is  assumed  that  the  intensity  of  the 
line  is 


S 


®rot®vib 


(3.69) 


where  SrQt  is  the  rotation  intensity  of  the  corresponding 

line  from  the  pure  rotation  spectrum,  the  value  of  which  is 
assumed  to  be  known,  and  Syib  is  a  factor  which  takes  into 

account  the  vibration  and  rotation  interaction.  The  quantity 
Svik  is  determined  from  the  experiment.  It  is  assumed  that 

Svib  is  the  same  for  all  lines  in  a  given  vibration-rotatioi. 

band.  It  is  assumed  that  Syib  is  the  same  for  all  lines  in 

a  given  vibration-rotation  band.  Under  such  assumption  in¬ 
tegration  of  (3.69)  along  the  light  band  gives  the  total  in¬ 
tensity  of  the  band  which  is  determined  from  the  experiment, 
and  on  the  right  the  product  of  Syib  with  the  sum  of  the  line 

intensities  caused  by  the  corresponding  pure  rotary  transitions. 

On  the  basis  of  the  procedure  described,  the  line  in¬ 
tensities  of  the  vibration-rotation  absorption  bands  v^, 

2v2  and  in  the  2.7  (a  region  (2857  -  4444  cm-1)  were  calculated 

in  articles  [879,  880]. 

In  a  series  of  calculations  carried  out  by  Benedict  and 
Calfee  [881],  data  were  obtained  for  the  intensity  of  lines  in 
the  absorption  band  region  1.9  and  6.3  p.  In  these  calculations, 
the  interactions  between  the  vibration  and  rotation  movement 
of  the  HgO  molecule  were  partially  taken  into  account.  The 
tables  published  by  the  authors  of  [881]  contain  data  about  the 
position  of  the  centers,  the  intensity  and  halfwidth  of  the 
lines  in  the  bands  VgVg,  v^Vg  and  3vg  in  the  1.9  n  region,  and 

the  band  Vg  in  the  6.3  p  region.  The  tabulation  was  carried 
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out  for  lines  with  j^20.  In  [881  ]  data  were  also  obtained  for 
all  three  parameters  of  the  fine  structure  of  the  four  "hot" 
bands  (021  -  010,  100  -  010,  020  -  010,  001  -  010),  the  HgO1?, 

HgO*®  isotope  bands  and  the  HDO  Vg  band.  [881]  contains  4110 

absorption  lines  for  bands  in  the  1.9  |J  region  (4212  -  6254.3  cm"-1) 
and  5054  lines  in  the  6.3  |i  region  (640  -  2885  cm"*)  . 

The  tables  contain  lines  the  intensity  of  which  exceeds 
the  value  0.0001  cm_1/g*cm"2.  An  exception  to  this  is  the  cen¬ 
tral  region  in  the  band  Vg  (1400  -  1850  cm"*) ,  which  included 

lines  with  intensity  above  0.001  cnrVg-cm"2.  The  parameters 
of  the  lines  of  the  pure  rotation  HgO  spectrum  were  calculated 

in  the  region  640  -  1000  cm--1.  This  was  done  in  order  to  ob¬ 
tain  more  complete  data  in  the  entire  wave  band.  We  note  that 
the  maximum  intensity  value  of  the  lines  in  the  band  regions 
1.9  and  6.3  n  were  equal,  respectively, to  1042.7  (the  line 
5413. 90cm"*)  and  10976.2  cm"Vg*cm"2  (the  line  1684.84  era"*) . 

The  assumption  that  Syil)  is  constant  for  all  lines  in  the 

band  on  which  the  procedure  considered  is  based  is,  strictly 
speaking,  invalid.  It  does  not  take  into  account  the  specifics 
of  the  interaction  between  the  molecular  vibration  and  rotation 
movement  for  individual  lines.  The  latter  can  lead  to  con¬ 
siderable  errors  when  the  intensity  of  the  lines  is  calculated, 
which  are  caused  by  the  transitions  between  molecular  levels 
with  high  energy. 

In  our  laboratory  we  attempted  to  develop  a  new  procedure 
for  calculating  the  intensity  of  lines  in  the  vibration-rotation 
water  vapor  spectrum  and  take  subsequently  into  account  the 
interaction  between  the  molecular  vibration  and  rotation  move¬ 
ments  [139  -  141,  147,  190,  220,  779,  907].  We  will  describe 
the  results  which  were  obtained. 

The  expression  for  the  intensity  of  the  line  is  written 
in  the  form  [191]. 


Stn'  =  Aa>  [2  -  ( -  1),T|]  e~  &  X 

he  . 

x  1 1  —  e~  hr  J  |  (v'R'  |  Mi  I  vR)  |*. 
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Here  Aw  =  ovn'  —  and  <oB r  -  are  the  upper  and  lower 

state  levels,  Mz  is  “the  component  of  the  electrical  dipole 

moment  vector  in  a  fixed  coordinate  system,  N  is  the  number  of 
particles  in  the  absorbing  gas  per  unit  volume,  z  is  a  statis¬ 
tical  sum,  t  is  the  rotation  quantum  number,  h  is  the  Planck 
constant,  c  is  the  velocity  of  light,  k  is  the  Boltzman  con¬ 
stant,  T  is  the  complete  vibration-rotation  wavefunction.  The 
component  M  can  be  written  in  the  form 


Af,  -  (zx)  n*  +  <I>  (zy) 


(3.71) 


where  nx  and  are  the  projections  of  the  dipole  moment  vec¬ 
tor  on  the  coordinate  axes,  which  are  rigidly  connected  to  the 
molecule,  and  $(z  x)  and  $(zy)  are  direction  cosines. 

It  follows  from  the  symmetry  of  the  HgO  molecule  [134] 

that  when  the  interaction  between  the  vibrations  and  the  rota¬ 
tion  is  not  taken  into  account,  for  parallel  bands  only  the 

second  term  contributes  td  M_.  The  quantities  u  and  u  are 

z  x  y 

expanded  in  a  series  in  the  normal  coordinates. 

For  the  quantity  (?£ I^«l V'R')  in  formula  (3.70)  we  can 
obtain  with  the  aid  of  function  (3.63) 


(vR  |  Af,  |  v'R')  -  <w?  j  Af,  1 1>7?  Vh  C%>,  vH  [<  vR  |  Af,  |  vR)0  - 
-  (V'R'  I  Af,  I  w'/?'>ol  -|-  2  (Ci/I.  ,*«•  VR"  I  Af,  |  v'R')o  -|- 

VH" 

4-  (vR  |  Af,  1 1/* R“)0  ,*«*). 


The  terms  with  the  coefficient  Cv  '  have  been  omitted,  since 
their  contribution  to  the  matrix  element  is  of  a  very  small 
order  of  magnitude.  The  second  term  in  formula  (3.72)  is 
identically  equal  to  zero,  since  </? | <I» | /?>  0  .  because  of  the 

Symmetry  of  the  molecule.  The  matrix  elements  in  the  right 
member  of  (3.72)  are  calculated  with  the  aid  of  the  zero  ap¬ 
proximation  function  The  rotation  wavefunction  ^ 
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is  written  in  the  form  of  an  expansion  in  terms  of  the  func¬ 
tions  of  a  rigid  symmetric  gyroscope: 


dSI/**).  (3.73) 


In  the  third  term  in  formula  (3.72),  we  found  it  necessary  to 
sum  over  the  rotation  structure  of  intermediate  vibration 
states.  We  will  consider  in  greater  detail  this  term  in 
(3.72).  Taking  into  consideration  (3.64)  and  (3.61)  it  can 
be  represented  in  the  form 


iS2{2[ 

flV  t  of) 


<»'  I  tig  1 1>*>  <0*  I  HaBlP') 


X 


x(R'  |  Q  R*)(R‘\P*Pt\R)+ 1  ^x 

x  </?'  i  pap*  i  /?">  </r  i  o  i  (2g)  |  R)]  -  X 

x(R'\®(zg)\R'HR'\Pt\R)- 
-  {R‘  |  pt  |  **>  ( R'  1 0(zg)  I  /?>} .  (3.74) 


(3.74) 


The  sums  over  the  rotation  states  when  (3.73)  is  taken 
into  account  have  the  forms 


S  gl*1  (gl£3)s  glty  a  km  I  PaPp  I  jk’m)  x 

fc*T 

hk* 


X  (jk'm  I O I  j’k'm'), 


(3.75) 


2  git1  (git*1)8  gK*  dkm  I  Pt  I  jkm)  x 
*  x(jkm\<t>\ i'k'm'). 


(3.76) 


The  summation  over  k”  in  (3.75)  is  carried  out  in  an 
elementary  manner  since  the  ikjkm\PaPi\}k''m)  are  different  from 

zero  only  for  k”  ~  k,  k  +  2.  Further,  since  the  matrix  glV 
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A  f> 


is  normalized  [130  ] , '  ^  ~ 


The  matrix  elements  for  the  direction  cosines  are  ex¬ 
pressed  as  a  product  of  the  Klebsh-Gordon  coefficients,  it 
should  be  noted  that  the  approximation  considered  does  not 
violate  the  selection  rules  for  the  rotation  quantum  numbers 
j  and  r. 

We  will  now  pass  on  to  calculating  the  sums  over  the 
intermediate  vibration  quantum  states.  The  matrix  elements 
which  appear  in  these  sums  are  calculated  with  the  aid  of 
the  functions  of  a  three-dimensional  anharmonicity  oscillator. 
The  functions  of  the  normal  coordinate1  n,  Hap,  gt>  v 
are  represented  in  the  form  of  series  in  normal  coor donates , 
for  example, 


v  -  2  <“M  -i-  21 «/ + 

i  ih 

+  121  OUhl^Ml  -)-••• 
ikt 


(3.77) 


In  (3.77)  the  ratio  of  the  next  term  to  the  preceding  term  is 
equal  to  X.  According  to  El 'yashevich’s  estimates  [134] 

X  ~  10-1.  Further,  the  fact  that  the  orders  of  the  coefficients 
in  the  expansions  for  v,  gz,  p,  increase  in  the  same 

manner,  we  can  assume  the  validity  of  the  above  estimate  for 
all  these  quantities.  This  is  confirmed  by  direct  calculations 
using  the  data  from  papers  [190,  193,  194].  To  estimate  the 
order  of  the  contribution  to  the  matrix  element  of  the  dipole 
moment  from  expression  (3.74),  we  must  calculate  the  order 

HSfAfy  e--e'.  =  e,a' 


Direct  calculations  in  accordance  with  El 'yashevich's  estimates 
[134]  give*  e~X2  .  for  small  j.  We  note  that  the  quantity 


has  also  order  X^. 


In  calculating  the  contribution  from  (3.74),  we  will  re¬ 
strict  ourselves  only  to  terms  of  order  not  greater  than  X®. 
The  contribution  from  (3.74)  can  be  evaluated  with  the  aid  of 
the  formulas  for  the  matrix  elements  |a  and  the  operator  g„ 

from  the  functions  of  the  anharmonic  three-dimensional  oscil¬ 
lator  [142,  144],  Because  of  the  unwieldiness  of  the  final 
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results,  as  an  illustration,  we  will  give  only  the  contribution 
from  (3.74)  for  the  vibration  transition  000  -  010: 


(000/t  |  Mt  1 010/V)  =  (OOO/'t  |  Mi  1 010/ V>0  X 
r,  .  ,  a  S'  S(*)T  .  a  M1*"*  . 

x[l+o+§^+Y-s-J; 


2f»2«2 


a  =  -5+r-(|4*+H»)  + 


M3^°2’S2+  0)2+  (03 
2(i>3H2  0)3  —  0)2 


oi-f  o>i . 

Y  122(02  0)3^2  u3-(i)3  ’ 

s^g^(j)8[^(n[(\j-\k\rk')+(iiik\iT)Y, 

s  (k) = g  kg\$  (/)  (n  [{1/  - 1*1  m  -  (1/1*  I /'*')]; 

5'  =  g  gi,v  (/•)  gft1.  (/')( K(/-*)  (/+!+*)  (1/0*+ 1 1  /'*') + 
+ K(/+ *)(/-*+ 1)  (1/0*- 1 1  /'*')). 


(3 . 78) 


The  approximation  considered  takes  into  account  the  an- 
harmonicity  of  the  vibrations,  the  nonri^idity  of  the  molecule 
and  the  Coriolis  interaction. 

We  note  that  unlike  in  the  zero  approximation,  the  vibra¬ 
tion-rotation  interaction  leads  to  the  occurrence  of  the  dipole 
moment  in  the  matrix  elements  and  its  components  along  the 
x  and  y  axes.  For  parallel  bands  the  component  is  directed 
along  the  x  axis  and  for  perpendicular  bands  along  the  y  axis. 
The  selection  rules  in  the  rotation  spectrum  which  are  de¬ 
termined  by  the  symmetry  of  the  molecule  are  not  violated. 

2.  Experimental  Studies 

The  experimental  determination  of  line  intensities  is  a 
very  complex  problem.  The  main  difficulty  is  that  the  over¬ 
lap  in  the  lines  must  be  taken  into  account.  At  the  present 
time  the  intensities  of  a  very  limited  number  of  lines  in  the 
water  vapor  absorption  spectrum  have  been  determined  experi¬ 
mentally. 

Benedict,  Claassen  and  Shaw  [166]  found  under  laboratory 
conditions  the  intensities  of  several  rotation  lines  and  lines 
from  the  vibration-rotation  Vg  band  at  a  relatively  high 

temperature  and  HgO  concentration.  In  the  work  of  K.  ]?. 

Vasilevskiy  the  intensity  of  a  number  of  lines  in  the  vibration- 
rotation  HgO  spectrum  was  found  in  the  band  region  centered 
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2.7  p  [195  -  197].  Sanderson  and  Ginsberg  [198]  measured  the 
intensities  of  three  lines  in  the  pure  water  vapor  rotation 
spectrum  which  lie  near  92,  170  and  188  cm”-*-.  Saidy  [199] 
determined  the  intensity  of  three  rotation  and  two  vibration- 
rotation  HnO  lines.  In  a  short  summary  of  the  Bole  report 
[200],  it  Is  mentioned  that  the  intensities  of  a  number  of 
weak  HgO  lines  were  determined  in  the  8  -  20  p  region  from 

the  emission  spectra  in  the  atmosphere  by  comparing  the  measure¬ 
ment  results  with  monochromatic  absorption  calculations.  This 
comparison  has  shown  in  the  case  of  the  weakest  lines  a 
discrepancy  between  the  data  of  approximately  30%,  where  the 
calculated  data  were  smaller  than  the  experimental  data.  The 
discrepancy  is  due  apparently  to  not  having  taken  into  account 
the  interaction  between  molecular  vibration  and  rotation  move¬ 
ment  when  the  line  intensities  were  calculated. 

Goldman  and  Oppenheim  [ 187 ,  201]  measured  the  intensity 
of  a  single  line  in  the  6.3  p  band.  Using  the  result  obtained, 
they  then  determined  the  total  intensity  of  the  band  in  an 
analogous  way  as  in  [202]  and  [203]  for  the  2.7  p  band. 

In  their  paper,  Burch  and  Gryvnak  [81 ]  report  measurement 
results  for  water  vapor  and  COg  absorption  in  the  regions  from 

0.6  to  5.5  p,  from  which,  in  particular,  information  can  be 
derived  about  the  intensities  and  halfwidths  of  several  hundreds  of 
most  important  HgO  lines.  However,  no  data  are  given  in  the 

article  about  the  line  parameters. 

The  intensities  and  halfwidths  of  a  number  of  lines  in 
the  tails  and  in  the  central  part  of  the  band  were  determined 

in  articles  [885  -  887 ].  In  article  [888]  the  intensities  of 
several  lines  in  the  visible  part  of  the  spectrum  were  mea¬ 
sured  in  the  0*69  p  region. 

3.  Line  Halfwidths 


1.  Theoretical  Studies 

Benedict  and  Kaplan  [  7],  using  Anderson's  theory  [56], 
calculated  the  halfwidths  of  y  lines  in  the  water  vapor  rota¬ 
tion  spectrum  up  to  j  =  13  and  several  lines  from  the  Vg 

band  of  the  vibration-rotation  spectrum  during  water  and  nitrogen 
molecular  collisions.  The  authors  of  [57]  also  investigated 
the  dependence  between  the  temperature  and  the  halfwidths  of 
the  lines  in  the  range  220  -  2400°K  and  the  effect  of  the  inter¬ 
action  between  the  vibrations  and  oscillations. 


The  main  results  of  the  calculations  reduce  to  the  follow¬ 
ing:  at  a  temperature  of  300°K  the  halfwidth  of  the  lines 
varies  from  0.11115  cm“*‘atm~l  for  the  lines  1^  -  1_^  to 

0.032  cm-l-fttra"1  for  the  line  14_^  -  13^ .  An  analysis  of 

the  results  obtained  showed  that  the  half width  of  the  lines 
decreases  as  j  increases  and  for  a  given  j  v  decreases  as 
the  secondary  rotation  quantum  number  t  increases. 

For  the  temperature  range  which  is  characteristic  of 
the  stratosphere,  the  following  formula  was  obtained  which 
describes  the  relation  between  y  and  T:  Y  (7')/y  (300)  =  (7/300)". 

Here  the  quantity  n  varies  from  line  to  line  and  its 
mean  value  is  0.62  at  T  =  260°K.  For  temperatures  in  the  range 
300  -  2400°K  the  relation  between  y  and  T  varies  considerably 
from  line  to  line. 

Using  the  methodology  which  was  developed,  Benedict  and 
Kaplan  give  in  article  [58]  the  results  of  halfwidth  calcula¬ 
tions  of  pure  rotation  water  vapor  lines  during  HgO  -  HgO 

and  HgO  -  02  molecular  collisions.  It  turned  out  that  at  a 

temperature  of  300°K  the  halfwidths  of  the  lines  lie  between 
the  limits  0.5663  to  0.6607  cm“**&tm~l. 

The  halfwidth  ratios  of  the  lines  which  were  calculated 
during  the  HgO  -  HgO  and  HgO  -  Ng  molecular  collisions  vary 

from  line  to  line  between  the  limits  1.90  to  6.85.  For  the 
widest  and  strongest  lines,  which  correspond  to  small  j,  this 
ratio  lies  between  the  limits  4.5  -  6.0.  The  mean  value  of 
this  ratio  for  the  entire  rotation  band  turned  out  to  be  equal 
to  5.49. 

In  the  work  of  Benedict  and  Kaplan  and  the  work  of  Gates, 
Calfee,  Hansen  and  Benedict  [879,  880,  189,  881]  the  half¬ 
width  of  the  lines  in  the  water  vapor  vibration-rotation  spec¬ 
trum  has  been  calculated  without  taking  subsequently  into 
account  the  interaction  in  the  vibration  and  rotation  move¬ 
ments  of  the  molecule. 

In  articles  [139  -  141 }  an  attempt  is  made  to  take  into 
account  this  interaction.  The  essence  of  the  argument  is  the 
following:  if  we  take  for  the  complete  vibration-rotation 
eigenfunction  the  expression 


'Mt  -=  (3.79) 
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where  f  is  the  vibration  wavefunction  obtained  by  taking  into 
v 

account  the  vibration  anharmonicities,  and  w  -is  the  wave- 
function  of  the  nonrigid  gyroscope,  then  to  obtain  the  half- 
width  of  the  line  we  can  use  the  method  of  contributions  from 
the  well-known  Anderson  theory  [56]. 

Adopting  the  Dirac  notation  for  the  wavef unctions,  we  have 
for  the  halfwidth  of  a  spectral  line 

y(vjim  ->  v'i’t'm')  ■=■  ~  2  Bhah‘> 

h 


<*«=  j  2npSi:t  (p)Vp; 
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(3.80) 


(3.81) 


(v'j'x'm';  kM-il  Ps\  v'j'x'm';  l,M ,) 
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(3.83) 


where  N  is  the  particle  concentration  per  unit  volume,  v  is 
their  average  velocity,  p  is  the  sight  distance,  vjm  are 
quantum  numbers  which  denote  the  level  from  which  the  trans¬ 
ition  takes  place,  v'j'm'  are  the  quantum  numbers  of  the  ter¬ 
minal  level,  j2M2  are  t*ie  quantum  numbers  for  the  disturbed 

molecular  states,  Bjg  is  the  density  of  state  determined 


from  the  Boltzman  distribution,  C(t)  is  the  potential  inter¬ 
action  energy  of  the  absorbing  and  perturbing  molecules, 

H0  is  the  Hamiltonian  of  the  isolated  absorbing  molecule.  On 
tne  basis  of  article  [204]  for  the  dipole-quadrupole  inter¬ 
action  of  two  charge  systems  we  c^n  obtain: 


C(/)  =  ?[•  5  DgftRgRfi  (MR) 
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where  a  and  3  take  on  the  values  x,  y,  z,  D  are  the  components 
of  the  quadrupole  moment  of  the  perturbing  molecule  tensor, 

Mg,  are  components  of  the  dipole  moment  and  the  distance 

R  between  the  interacting  molecules  on  the  axes  of  the  fixed 
coordinate  system,  the  center  of  which  is  the  HgO  molecule. 

Using  the  transition  matrices  of  the  dipole  vector  com¬ 
ponents  and  the  quadrupole  moment  tensor  from  the  fixed  system 
to  the  system  which  is  connected  to  the  molecule,  we  obtain 
easily  an  expression  for  C(t),  based  on  (3.84): 


C(/)=  %C^%mtk1DiAlhlDsAiKV 

mifi 


where  -1.0-1:  m2  =  2,  1,  0,  -1,  -2;  =  1,  -1; 

k2  -  o;  Jx  -  1;  J2  -  2;  Di,  are  generalized  spherical  functions. 

Substituting  (3.83)  in  (3.84)  and  taking  into  account 
(3.84),  we  obtain  after  several  transformations 


Sfc(p)  — -§f  2  I  1*  (ItMi  I Pmzhi  |  itMt)  X 

X  (hMi  I  D'mik.  I  hMz)  ( jvn  I  DUihi  \  i’x’m’)  x 
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+  a  similar  term  for  the  final  state  (3.86) 


where 
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In  expression  (3.86)  the  summation  extends  over 
all  indices  except  v,  j,  m,  jg  for  the  original  state  and 

v* ,  j’,  m’,  jg  for  the  final  state. 

Using  the  representation  (3.73),  the  relation  between 
the  rotor  wavef unction  and  the  D-functions,  the  expression 
for  the  integral  of  the  product  of  the  three  D-functions  in 
terms  of  the  Klebsh-Gordon  coefficients  [205]  and  summing  over 
m,  m",  M2,  Mg,  in  (3.86),  we  obtain 


(p) = s  i  <lhiniHt  i*  t])1 

x  {// 1*  -  I  i"ky  (2/j00 1  j:k't) + 


+  a  similar  term  for  the  final  state  (3.89) 


where  (abed  |ef)  are  the  Klebsh-Gordon  coefficients. 

In  (3.89)  the  summation  over  m^,  mg,  can  be  carried 

out  using  supplement  C  in  article  [71  ].  In  the  end  we  ob¬ 
tain 


2  I  QmjlijmjJia  I*  —  f  (x) . 

minima 


(3.90) 


where 


/(*)-■ i ^{x'm\  +  l2k\+7Wl+Mk\]  + 
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where  kR(x)  are  Hankel  functions  for  which  we  use  the  represen 

tation  (8,  432,  5)  in  article  [207],  u  and  u  are  the  com- 

x  y 

ponents  of  the  dipole  moment  of  the  HgO  molecule  in  the  moving 


-137- 


coordinate  system.  The  integral  (3.81),  after  (3.89)  is  sub¬ 
stituted  in  it  and  (3.90)  is  taken  into  account,  diverges  for 
small  p.  This  is  a  consequence  of  assuming  when  (3.84)  is 
derived  that  the  distance  between  the  systems  of  charges  is 
larger  than  the  dimensions  of  the  systems  themselves. 

Following  article  [71],  we.  let 


5(p)  =  1  n$H  0 < p < f)a. 


Key:  a.  when 


Taking  this  into  account,  we  obtain  from  (3.82) 


aii~nPo+2«  jSj,(p)</p. 


(3.91) 


From  (3.80),  (3.89),  (3.90),  (3.91),  after  a  number  of 
computations  we  obtain  the  following  formulas  for  the  half¬ 
width  of  the  spectral  line: 
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+  a  similar  term  for  the  final  state 
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where 


x0=  >°» 


since  its  sign  has  no  effect  on  the  results,  which  was  seen 
when  the  calculations  were  made. 

In  the  last  expressions  D  is  the  quadrupole  moment  of  the 
perturbing  molecule,*  is  the  square  of  the  matrix  elements 

of  the  dipole  moment  transition  v  -  v",  for  which  it  is  pos¬ 
sible  to  obtain  analytic  expressions  [142 ] . 

2.  Experimental  Studies 

Experimental  studies  of  the  halfwidths  of  lines  are  usually 
carried  out  at  the  same  time  as  the  intensities  of  the  lines 
are  determined  and  represent  a  sufficiently  complex  problem. 
This  is  due  to  the  fact  that  until  now  a  very  limited  amount 
of  data  has  been  available  about  the  halfwidths  of  HgO  ab¬ 
sorption  lines. 

BecKer  and  Autler  [208]  determined  the  halfwidths  of 
H20  lines  in  the  microwave  region  of  the  HgO  rotation  spectrum 

(v0  -  0.744  cm-1).  The  authors  of  [208]  found  out  that  the 

collisions  among  the  molecules  broaden  the  line  4.7  times  as 
much  as  the  collisions  between  water  and  air  molecules. 

In  the  work  of  K.  P.  Vasilevsky  [195  -  197]  the  half¬ 
widths  of  a  series  of  lines  were  measured  in  the  region  of  the 
2.7  p  band.  A  detailed  study  of  the  widening  effect  of  various 
gases  was  carried  out  for  the  line  with  the  center  vn  *  4025, 

-1  u 
38  cm  .  The  experimental  data  obtained  are  well  described  by 

the  formula 


V  =  V°(p»  +  ao.^).  (3.92) 


where  y°  is  the  halfwidth  of  the  lines  at  an  effective  pressure 
P  -  Pa  +  oft  bPb  *  1  atm  and  the  temperature  T  -  293°K,  P&  ?.nd 

Pb  are  the  partial  pressure  of  the  absorbing  and  extraneous 

gases,  a  .  is  the  relative  optical  collision  efficiency  of  the 
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a  molecules  with  the  b  molecules. 

The  values  o„  .  for  the  collisions  between  the  Ho0  and 
a,  b  2 

C02,  air,  N2,  Ar  molecules  turned  out  to  be  equal,  respectively, 

to  0.239,  0.170,  -.165,  0.123,.  which  points  to  the  pronounced 
dependence  of  y  on  the  nature  of  the  broadening  gas.  The 
broadening  of  the  lines  due  to  the  collision  of  water  molecules 
turned  out  to  be  6  times  as  large  than  during  the  collision 
of  water  and  air  molecules. 

In  the  work  of  Saidy  1 199  ]  the  halfwidths  of  the  line  with 
the  center  vQ  =  914.03  cm-1  was  measured.  Sanderson  and  Gins¬ 
berg  [198]  determined  the  halfwidths  of  three  lines,  which 
turned  out  to  be  approximately  1.5  times  as  large  as  those  ob¬ 
tained  from  calculations  based  on  Anderson’s  theory.  The 
halfwidth  of  the  line  1^  -  1  ^(Vq  =  18.6  cm'-1)  for  water  mole¬ 
cule  collisions  and  collisions  with  air,  oxygen  and  nitrogen 
molecules  has  been  determined  in  article  [786],  The  values 
turned  out,  respectively,  to  be  equal  to  0.5  +  0.2,  0.05  +  0.01, 
0.03  +  0.02  and  0.06  +  0.02  cmr1 *atm“l .  The  Half width  of "the 
lines"4Q  -  5_4  (vQ  =  10.86  cin  ) ,  2g  -  3_2  (vQ  =  6.1  cm-1) 

and  3^  -  4_2(v0  =  12.67  cm"1)  for  water  and  air  molecular  col¬ 
lisions  were  measured  in  articles  [787  -  789],  and  the  half¬ 
width  values  for  these  lines  turned  out  to  be  equal  to  0.101, 
0.107  +  0.005  and  0.105  +  0.004  cm-1  in  the  earth's  layer  of 
the  atmosphere. 

6.  Absorption  Function  In  Narrow  Regions  Of  The 
Vibration-Rotation  And  Pure  Rotation  Spectrum 
of  Water  Vapor 

1.  Direct  Calculation  of  Absorption  Functions 

The  absorption  functions  were  calculated  for  sectors  with 
widths  25  cm-1,  in  the  region  of  the  pure  water  vapor  rota¬ 
tion  spectrum  from  100  to  350  cm-1  by  Cowling  [209],  The 
data  about  the  position  of  the  lines  and  their  intensities 
were  taken  from  article  [ 170 ] .  The  halfwidth  of  the  lines  was 
assumed  to  be  constant  and  was  taken  from  0.05  to  0.4  cm"1 
Benedict  [210 ],  using  data  obtained  theoretically  for  the 
parameters  of  the  lines  of  the  pure  H„0  rotation  spectrum, 
calculated  the  absorption  function  for  various  frequency  in¬ 
tervals.  It  turned  out  that  for  sufficiently  wide  intervals 
the  values  of  these  functions  which  were  obtained  did  not  dif¬ 
fer  much  from  those  which  were  calculated  using  the  model 
method  for  the  spectra. 
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In  the  work  of  Calfee  [ 189 ] ,  the  absorption  functions  were 
calculated  in  sectors  of  the  water  vapor  vibration-rotation 
spectrum  in  the  infrared  region.  The  calculations  were  based 
on  experimental  data  about  the  positions  of  line  centers.  The 
intensities  and  halfwidths  of  the  lines  were  determined  using 
the  method  described  in  the  preceding  paragraph.  The  vibration 
and  rotation  movement  of  the  HgO  molecules  were  not  taken  sub¬ 
sequently  into  account.  The  relation  between  the  spectral  ab¬ 
sorption  and  the  wavelength  which  was  obtained  was  multiplied 
by  the  apparatus  function  of  the  spectrometer  in  order  to  be 
able  to  compare  on  one  hand  the  results  of  the  calculations 
with  the  experiment  and  on  the  other  hand  to  study  the  effect 
of  the  spectrometer  parameters  on  the  nature  of  the  spectrum 
recorded  with  the  aid  of  the  spectrometer. 

A.  G.  Pokrovskiy  [882]  developed  the  algorithms  and  cal¬ 
culated  the  spectral  absorption  and  absorption  functions  in 
a  narrow  sector  of  the  spectrum  (3795  -  3836  cm-*)  and  for 
the  single  line  (vQ  -  1677.95  cm”1).  The  essential  advantage 

of  the  algorithms  developed  in  this  work  is  that  they  take  in¬ 
to  account  both  the  Doppler  and  dispersion  contours  of  the 
lines.  From  the  radiation  absorption  data  obtained  for  a  single 
line  at  various  altitudes  it  is  clearly  evident  that  the 
broadening  of  the  lines  due  to  the  Doppler  effect  in  the  cen¬ 
tral  part  of  the  line  must  be  taken  into  account  already  from 
the  altitude  of  10  km. 

In  the  work  of  K.  Ya.  Kondrat’ev  and  Yu.  N.  Timoseev  [211] 
the  absorption  functions  were  calculated  for  8  narrow  sectors 
of  the  spectrum  with  widths  from  5.3  to  8.5  cm-1  in  the 
20  -  50  p  region  at  pressures  of  1000,  500,  100  and  10  mb 
and  temperatures  300,  260  and  220°K.  An  analysis  of  the  re¬ 
lation  between  the  temperature  and  the  absorption  functions  has 
shown  that  it  depends  mainly  on  the  temperature  effect  on  the 
line  intensities  peculiar  to  each  concrete  'sector  of  the  spec¬ 
trum.  Thus,  the  quantity  m  in  the  temperature  correction  for 
the  transmission  function 


f(T)  =  (TIT0)m 


varies  from  0.86  to  4.0  for  the  regions  studied. 

Yu.  M.  Timoseev  [883]  used  a  direct  calculation  of  the 
absorption  functions  A  to  estimate  the  errors  which  occur  when 
the  quantity  A  is  calculated  using  approximate  methods.  It 
has  been  shown  in  [883]  that  the  maximum  error  in  these  methods 
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occur  only  when  the  ratio  of  the  absorbing  gas  mixture  increases 
as  the  altitude  increases. 

K.  Ya.  Kondrat'ev  and  Yu.  M.  Timofeev  [884]  analyzed  the 
possibility  of  using  the  direct  method  to  calculate  the  trans¬ 
mission  functions  in  narrow  regions  of  atmospheric  gas  ab¬ 
sorption  spectra  for  various  atmospheric  stratifications.  In 
[884]  the  promise  of  this  method  has  been  shown  for  overlapping 
bands  and  for  the  solution  of  reverse  problems. 

The  absorption  functions  were  calculated  for  individual 
sectors  of  the  water  vapor  vibration-rotation  spectrum  in  the 
visible  and  infrared  regions  of  the  spectrum  in  our  paper 
[780 ]  on  the  basis  of  data  about  the  position  of  the  line  cen¬ 
ters,  their  intensities  and  halfwidths  which  were  derived 
theoretically. 

2.  Calculation  of  Absorption  Functions  Using  The  Spectral 
Model  Method.  The  calculation  of  the  infrared  radiation  ab- 
sorption  functions  by  HgO  and  C02  vapors  for  relatively  narrow 

sectors  of  the  spectrum  with  widths  10  -  20  cm-*,  using  a 

statistical,  combined  and  Elsasser  model  was  carried  out  by 
Plass  and  Stull  [212].  To  determine  the  fitted 
parameters  the  data  from  the  experimental  studies  made  by 
Howard,  Burch  and  Williams  were  used  [213]. 

In  the  work  of  Wyatt,  Stull  and  Plass  a  new  series  of  ab¬ 
sorption  function  calculations  was  made  for  the  narrow  sectors 
of  the  main  vibration-oscillation  bands  of  the  water  vapor 
[214]  and  C02  [215]  spectrum,  using  the  quasistatistical  model 

proposed  by  the  authors  (see  para,  3) .  The  water  vapor  ab¬ 
sorption  functions  were  calculated  in  the  wave  band  from 
1  to  10  [i  for  spectral  intervals  with  widths  2.5  cm-1  in  the 
997.5  -  3400  cm-1  region  and  widths  20,  50  and  100  cm-*  in 
the  1000  -  10  000  cm-*  region.  In  the  last  three  cases,  the 
data  were  obtained,  respectively,  every  10,  25  and  50  cm-*. 

The  absorption  functions  for  the  2.5  cm-*  intervals  were  cal¬ 
culated  using  the  results  of  article  [166],  The  remaining 
data  were  obtained  on  the  basis  of  relative  line  intensity 
calculations  for  the  vibration-rotation  water  vapor  spectrum 
carried  out  in  [214]  and  reduced  to  absolute  scale  with  the 
aid  of  the  experimental  results  of  article  [216]. 

The  absorption  functions  for  the  above  spectral  inter¬ 
vals  were  calculated  for  15  values  of  the  settled  water  vapor 
layer  uj  between  the  limits  0.001  to  50  cm  for  7  values  of  the 
pressure  P:  1.0,  0.5,  0.2,  0.1,  0.05,  0.02  and  0.01  atm. 
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and  for  three  temperature  values  T:  200,  250  and  300°K. 

A  part  of  the  data  obtained  together  with  computational 
methods  were  published  in  [217],  where  a  table  of  the  trans- 
mission.function  values  is  given  for  sectors  with  widths 
100  cm"  at  the  temperature  T  -  300°K  and  the  pressure  P  »  1  apm 
for  15  values  of  uu. 

In  Fig.  3.3  the  calculated  [214]  and  experimental  [216] 
results  are  compared  for  the  most  intense  and  widest  vibration- 
rotation  6.3  |i  water  vapor  bands.  The  satisfactory  agreement 
of  the  data  seen  in  the  figure  point  to  the  possibility  of 
calculating  sufficiently  accurately  the  absorption  functions 
in  narrow  sectors  of  the  spectrum  with  the  aid  of  band  models, 
if  their  fitted  parameters  are  correctly  determined 
from  the  experimental  data  [216,  218]. 


Fig.  3.3.  Transmission  functions  in  narrow  sectors  of 
the  HgO  spectral  band  6,3  p  according  to  the  experi¬ 
mental  data  [216]  and  the  calculated  data  [214]: 

-  experiment,  P  =  805  mm  Hg,  w  =  0.0707  cm, 

- calculated,  P  =  760  mm  Hg,  w  =  0.1  cm 

Key:  a.  cm"1 


In  an  attempt  to  obtain  values  of  the  absorption  function 
for  spectral  intervals  with  widths  0.1  n  which  are  convenient 
for  practical  use,  we  carried  out  the  corresponding  calculations 
[ 219 J  based  on  the  fitted  parameters  obtained  in  article  [212], 
with  the  exception  of  the  absorption  bands  3.2,  1.87,  1.38  and 
1.1  (i  for  which  the  statistical  model  formula  with  the  fitted 
parameter  obtained  in  article  [213]  was  used: 
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where  .<*  =  kid  —  1,97; 6  =  fc/ny  =  6,67-  are  the  fitted  parameters 
determined  from  the  experimental  data,  u>q  is  the  settled  water 

vapor  layer  which  corresponds  to  the  value  T  =  0.5.  The 
calculations  were  made  for  the  total  pressure  values  1.0, 

0.9,  0.7,  0.5,  0.3,  0.1,  0.05  and  0.01  apm,  which  corresponds 
in  the  atmosphere  to  the  altitudes  1.  3,  5,  10,  16,  21  and  31  km. 
The  values  for  the  settled  water  vapor  layer  were  selected  for 
each  altitude  in  such  a  way  that  for  the  humidity  occurring  in 
the  atmosphere  distances  from  0.1  to  100  km  were  covered. 

All  calculated  data  were  plotted  on  graphs  from  which 
it  is  possible  to  find  directly  the  value  of  the  transmission 
function  for  a  particular  interval  with  widths  0.1  u  for  any 
values  of  the  pressure  P  and  the  settled  layer  w  which  are 
encountered  in  the  horizontal  layers  of  the  atmosphere  at  dis¬ 
tances  from  0.1  to  100  km  and  altitudes  from  0  to  30  km  [790 ] . 

3 .  Experimental  Determination  of  the  Absorption  Functions. 
Many  papers  were  devoted  to  the  experimental  determination  of 
the  absorption  functions.  The  most  extensive  studies  were 
carried  out  by  the  teams  of  Howard  [112,  213],  Burch [216, 

221]  and  B.  M.  Golubitskiy  [791  -  7931. 

Howard's  team  studied  the  spectral  absorption  of  the  funda¬ 
mental  vibration-rotation  HgO  bands  in  the  infrared  spectral 

region  6.3,  3.2,  2.7,  1.87,  1.38,  1.1,  0.94  p  and  the  3.7  HDO 
band.  Treatment  of  the  experimental  data  made  it  possible  to 
obtain  the  following  empirical  relations  for  the  total  band 
absorption; 


V* 

j  A  (v)  d\  =  co)'/*  (P  -f  Pb)11) 

Vl 


J  A<v)dv=C  +  £>lgo>  +  /Clg(P  +  Pa). 

H 


(3.94) 

(3.95) 


where  <d,P„  are 
’  a 

vapor  pressure 


the  settled  layers  in  cm  and  the  partial  water 

in  mm  Hg,  P  =  PM  +  P.  is  the  total  pressure, 
"2  a 
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c,  k,  C,  D,  K  are  empirical  constants. 

Formulas  (3.94)  and  (3.95)  describe  the  total  band  ab¬ 
sorption  for  small  and  large  values  of  <u,  respectively,  which 
were  given  in  [112]  for  each  band.  For  intermediate  values  of 
w,  the  total  band  absorption  is  determined  by  extrapolating 
the  data  obtained  according  to  (3.94)  and  (3.95). 

The  results  which  were  obtained  by  the  Howard  team  were 
quickly  and  widely  applied  in  various  calculations.  Larmor 
and  Passman  [222]  constructed  on  the  basis  of  these  results 
a  series  of  tables  for  radiation  transmission  through  the 
atmosphere  at  sea  level  and  at  various  altitudes  in  the  spectral 
intervals  up  to  and  through  0.1  p.  Langer  [223]  determined 
the  transmission  in  the  main  "windows"  of  the  transparent 
atmosphere.  Roach  [224]  calculated  solar  radiation  absorption 
in  the  cloudless  atmosphere.  This  data  has  been  widely  used 
in  our  work  to  calculate  the  complete  absorption  function  and 
the  absorption  functions  in  the  spectral  intervals  occupied 
by  individual  bands  [225]. 

Higher  resolution  spectral  apparatus  was  used  in  the  work 
of  the  Burch  team  than  in  [213],  which  made  it  possible  to 
obtain  more  reliable  data  about  radiation  absorption  in  nar¬ 
row  sectors  of  the  spectrum  and  investigate  the  broadening 
effect  of  absorption  bands  when  the  total  and  partial  pres¬ 
sures  of  the  absorbing  and  nonabsorbing  gases  were  varied. 

The  absorbing  gases  studied  were  HgO,  COg,  NgO,  CO  and  CH^. 

The  problem  was  to  determine  the  quantity'  B  =  Ca,a  lCa,b, 

which  characterizes  the  ratio  of  gas  capacity  to  the  broadening 
of  the  lines  due  to  molecular  collisions  of  the  gas  (self¬ 
broadening)  and  collisions  with  the  extraneous  gas  molecules 
for  which  Ng  was  used. 

As  the  results  of  the  experiments  have  shown,  the  quantity 
B  varies  with  the  spectrum  (Table  3.1).  This  is  understand¬ 
able,  if  we  consider  that  the  optical  collision  diameters 
vary  from  line  to  line.  For  example,  for  the  NgO  2224  cm"1 
band  between  the  limits  2250  to  2175  cm_i  B  varies  from 
0.9  to  1.3,  i.e.,  it  increases  one  and  one-half  times  as  much. 

On  the  basis  of  the  treatment  of  measurement  results 
formulas  were  selected  in  [216]  which  approximate  well  the 
experimental  data  for  the  total  band  absorption 

j  A  (v)  dv  =  c  [wP?]6,  (3.96) 

Vi 
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(3.97) 


vt 

J  A  (v)  dv  =  C  +  D  lg  [aPJl, 

VI 


vhere  a,  b,  c,  C  and  D  are  experimental  constants,  Pe  =  P  + 

+(B  -  1)P  is  the  effective  pressure  which  includes  the  total 

ci 

pressure  P,  the  partial  pressure  P&  and  the  self -broadening 
coefficient  B  of  the  lines. 

A  valuable  result  of  this  series  of  papers  is  that  not 
only  water  vapor  and  COg  were  investigated  but  also  small 

mixtures.  This  makes  it  possible  now  to  evaluate  quantitatively 
their  role  in  infrared  radiation  absorption  under  natural  at¬ 
mospheric  conditions. 

Table  3.2  gives  the  ranges  used  in  the  Howard  and  Burch 
teams  in  the  experiments  for  the  settled  water  vapor  layer  in 
cm  for  various  absorption  bands. 


TABLE  3.2 

RANGE  OF  VALUES  FOR  THE  SETTLED  WATER  VAPOR  LAYER 
DURING  TOTAL  ABSORPTION  MEASUREMENTS  FOR  VARIOUS 
H20  BANDS  GIVEN  IN  [213,  216) 


Key:  a.  band,  ^ 

b.  settled  layer  uj,  cm 

c.  Howard  [213] 

d.  Burch  [216] 
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TABLE  3.1 


•4  # 


VALUES  OF  SELF-BROADENING  COEFFICIENTS  B  OF  ABSORPTION 
LINES  AND  BANDS  FOR  H20,  NgO,  C02,  CO,  AND  CH4 

ACCORDING  TO  THE  DATA  OF  VARIOUS  AUTHORS 


I 


K 


I 


Uo.toiu,  CM- 1 

,  CL 

Atropu 

B 

5332,  3756,  1595 

BepM  h  ap.  [226] 

Srfcl.5 

i 

PaftoH  500  0- 

Fln.ibMep  [227] 

11-67"* 

Flapu 

h2o 

JIhiihh  4025,4  .£• 

BncuAeDCKHd  H  He- 
nopciiT  [195] 

6 

4  jihiihh  d  pailoHe  Q 
500-600  7 

H33TT  [228] 

3,6-5, 5 

2224,  1285,  1167 

Eepq  h  Ap.  [226] 

1,12*0,07 

1285 

TyAH  h  BopMMfl  [229] 

1,27*0,04 

n2o 

1167 

To  we 

1,35*0,07 

2224 

Kpocc  h  Ashhca  c 
[230] 

1,29 

COj 

3716,  3609,  2350, 
961,  875-495 

[226] 

1,30*0,08 

3716,  3609,  2350, 
961,  875-495 

SAoapAC  [231] 

2-[-0, 5/>,»* 

CO 

2143 

4260 

[226] 

[226]  , 

1 ,02*0,06 
1,08*0,06 

CH* 

3020 

1306 

[226] 

[226]  , 

!•,  30*0,08 
1,38*0,08 

f  «i 

A  M/ 

'  —  cneKTpt/ibHoe  iiponycxume  T  (v). 

>a  —  nipuHapbHce  A'MCHNe  CO]  b  iiMoc$epe.  . 

a. 

b. 

c. 

d. 

e. 

f. 

gas 

bands ,  in  cm" 

authors 

vapors 

region 

line 

1 

g.  4  lines  in  region 

(continued  next  page) 
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Key,  Table  3.1  (cont'd.) 

Column  c  (authors) : 

Burch,  et  al.  [226] 

Palmer  [22? ] 

Vasilevskiy  &  Neporent  [195 ] 

Izatt  [ 228 j 
Burch,  et  al.  [226] 

Goody  &  Wormell  [229] 

Same  authors 

Cross  &  Daniels  [230] 

[226] 

Edwards  [231 ] 

1.  T — spectral  T(v)  transmission 

2.  Pa — partial  C02  pressure  in  atmosphere 


The  new  series  of  water  vapor  spectral  absorptions  measure¬ 
ments  which  was  carried  out  by  Burch  and  his  collaborators 
[81]  in  the  region  0.6  -  5.5  (J  makes  it  possible  to  determine 
the  absorption  function  in  very  narrow  sectors  of  the  spec¬ 
trum  in  the  visible  and  near  infrared  regions.  In  this  series 
the  measurements  were  made  at  various  air  pressures  up  to  and 
including  1800°K. 

In  the  work  of  B.  M.  Golubitskiy  and  his  collaborators 
[791  -  793]  the  water  vapor  absorption  functions  were  studied 
experimentally  for  regions  of  the  spectrum  with  widths  3  to 
20  cm-1  in  the  wave  band  1  -  14  p.  The  measurements  were 
carried  out  for  various  water  vapor  temperatures  and  values 
of  the  settled  water  layer,  which  were  equivalent  to  its 
values  in  the  earth's  layer  of  the  atmosphere,  which  reacned 
12  cm.  An  empirical  relation  was  obtained  on  the  basis  of 
a  treatment  of  the  measurement  results  which  described  satis¬ 
factorily  the  dependence  of  the  transmissiqn  function  on  the 
settled  water  layer  w  and  the  pressure  P: 

T\  —  exp  {  fUwm*Pn*},  (3.98) 


where  |)x,  mx,  «x  are  empirical  parameters  which  are  determined 
for  spectral  intervals  of  various  widths. 

The  authors  of  [785  -  787]  maintain  that  formula  (3.98) 
describes  the  measurement  data  for  the  absorption  function  with 
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a  sufficiently  high  accuracy  (the  relative  error  does  not  ex¬ 
ceed  6-8%  for  the  values  uj^12  cm,  1  atm).  The  comparison 
made  by  the  authors  showed  satisfactory  agreement  between  the 
available  experimental  data  for  the  absorption  functions  with 
the  data  calculated  according  to  formula  (3.98). 

In  the  work  of  M.  S.  Kiseleva  [794]  empirical  formulas 
are  proposed  which  describe  approximately  the  absorption  func¬ 
tion  in  a  given  spectral  interval,  when  its  values  lie  in  the 
interval  0.05^ A ^0.9. 

Stauffer  and  Walsh  [232]  measured  the  transmission  of  a 
mixture  of  water  vapor  and  nitrogen  in  the  14-20  p  region.  A 
set  of  curves  was  constructed  for  various  values  of  the  total 
and  partial  pressure.  The  settled  layer  of  water  varied  from 
0.0037  to  1.163  cm,  the  nitrogen  pressure  from  0.00286  to  0.805  atm, 
the  water  vapor  pressure  from  0.264*10-i  to  11.5*10“3  atm.  The 
measurement  results  agreed  well  with  Benedict's  calculations 
[210]. 

The  transmission  functions  in  the  region  of  the  pure  ro¬ 
tation  HgO  spectrum  were  measured  by  Palmer  [233]  for  various 

partial  H20  pressure  values  and  nitrogen  which  was  used  as  an 

extraneous  gas.  The  transmission  functions  for  intervals  with 
widths  10  cm-1  were  found  in  the  500  -  320  cm“l  region,  for 
intervals  with  widths  5  cm-*  in  the  340  -  200  cm-*  region, 
and  for  seven  overlapping  intervals  with  widths  50  cm-1  in  the 
200  -  500  cm-1  region.  For  wide  intervals  the  data  obtained 
agreed  well  with  Benedict's  calculations  [210 ].  As  the  spec¬ 
tral  interval  becomes  smaller,  the  experimental  data  differ 
from  the  calculated  values,  the  smaller  the  width  of  the  in¬ 
terval. 

Burch  and  Reissman  [234]  measured  the  absorption  of  steam 
vapor  and  its  mixture  with  nitrogen  in  the  region  of  the 
long  wave  transparent  window  near  the  wavelength  340  p. 

4.  Total  Intensities  of  Absorption  Bands.  The  knowledge 
of  the  total  intensities  of  absorption  bands  is  important  for 
the  study  of  the  fine  structure  of  spectra  and  for  determining 
the  absorption  functions  both  of  entire  bands  and  their  parts. 

This  explains  the  considerable  amount  of  work  in  which  the 
total  intensities  of  the  bands  of  various  atmospheric  gases 
are  measured,  including  water  vapor.  In  the  last  few  years 
new  intensity  measurements  were  made  for  a  number  of  bands 
when  the  spectra  were  recorded  at  high  temperatures. 
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The  total  intensities  of  the  bands  1.38,  1.87,  2.7  and 
6.3  n  were  measured  at  temperatures  200,  400,  600  and  727°C 
by  Goldstein  [235].  In  a  series  of  articles  by  Ferriso, 

Ludwig  and  collaborators  [236  -  239]  the  emission  spectra  of 
water  vapor  at  various  temperatures  were  studied.  The  6.3  (a 
band  was  recorded  at  temperatures  540- ,  1030,  1535,  1850,  2200°K. 
At  the  temperature  above  1800°K,  the  fine  structure  of  the 
spectrum  practically  erodes,  making  measurements  of  the  total 
intensity  easier.  The  spectral  transmission  in  the  10  -  22  n 
region  was  recorded  at  the  temperatures  50°,  ...,  2200°K. 

At  the  temperature  2750°K  measurements  of  the  HgO  transmission 

spectra  were  carried  out  in  the  wide  wavelength  band  1  to  25  n. 
From  the  measurements  of  the  emission  spectra  the  authors  of 
[236-239]  found  the  total  intensities  for  various  bands. 

Goldman  and  Oppenheim  [240]  determined  the  total  intensities 
of  the  bands  1.87  and  2.7  n  on  the  basis  of  HgO  emission  spec¬ 
tra  at  a  temperature  of  1200°K. 

In  article  [241]  the  results  of  water  vapor  absorption 
measurements  are  given  when  the  temperature  varies  from  300 
to  1100°K,  from  which  the  total  intensities  of  the  vibration- 
rotation  bands  1.38,  1.87  and  6.3  [i  and  the  short  wave  tail  of 
the  rotation  band  up  to  the  wavelength  20  n  were  obtained. 

The  total  intensity  values  of  HgO  bands  obtained  by 
various  authors  are  given  in  Table  3.3. 

5.  Absorption  by  the  Far  Tails  of  Strong  Lines.  The 
role  of  the  far  tail  of  strong  lines  in  radiation  absorption 
in  transparent  windows  of  the  atmosphere  is  very  important. 

When  the  absorption  functions  are  determined  in  the  trans¬ 
parent  windows  the  continuous  absorption  due  to  the  far  tails 
of  strong  lines  can  be  the  dominant  factor.  For  this  reason 
it  is  very  important  that  sufficiently  accurate  data  for  the 
absorption  coefficients  and  functions  of  the  so-called  con¬ 
tinuum  be  available.  It  should  also  be  added  that  it  is 
precisely  through  the  spectral  intervals  of  the  transparent 
windows  that  the  radiation  is  mainly  transferred  in  the  at¬ 
mosphere  . 

The  idea  of  the  possible  role  of  continuous  absorption 
played  by  the  far  tails  of  strong  lines  in  weakening  the 
radiation  in  the  "windows”  was  stated  by  Elsasser  as  early 
as  1938.  Moller  [244]  arbitrarily  set  the  continuous  ab¬ 
sorption  coefficient  in  the  8  -  13  |i  region  equal  to  0.1  per 
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unit  of  air  mass  and  estimated  this  absorption  value  for 
meteorological  purposes.  In  the  measurements  of  Gebbie, 
etal . ,  [245],  Taylor  and  Yattes  [246]  in  the  earth's  layer, 
and  Adel  [247]  and  Anthony  [248]  when  the  sun  was  used  as 
the  source,  the  existence  of  continuous  absorption  was  con¬ 
firmed  in  the  8  -  13  p  window.  V.  G.  Kastrov  expressed  the 
absorption  coefficient  in  the  interval  8  -  13  p  as  the  sum 
of  continuous  absorption  coefficients  using  Adel's  data  and 
the  absorption  by  weak  lines  using  the  Weber  and  Randall 
data  [249J. 


TABLE  3.3 

TOTAL  INTENSITIES  OF  HgO  ABSORPTION  BANDS  ACCORDING 
TO  THE  DATA  OF  VARIOUS  AUTHORS 


n*' 

TlOAOCW, 

MKM 

HwTrrpiutMin*  b 

IIHTCJICHHIIOCTfc 

£ 

TeMnepiTypiw 
npii  H3MepeHi<»iXi 
°K 

Airopu 

300±20% 

273 

|236 

350rt  I5"i 

2750 

|239 

220:1; 22  • 

|20l 

247±I0% 

273 

1235 

230±15% 

2750 

239 

206±2I  *» 

1000 

235 

177±I8»« 

1000 

235 

182+36  •• 

530-2200 

242 

2,7 

I65±33 

530-2200 

242 

I98±20** 

1200 

210 

180±I8  *•* 

1200 

240 

192±28 

300 

202 

172±7 

300 

203 

22,3±2,2  *• 

873 

235] 

1,87 

23,7±1 ,7  *• 

1000-  2200 

243| 

18,0±2,7  ** 

1200 

[240J 

{  *  —  K  HopMUIbHUM  VCJIOIHHM. 

JU  »*  —  npn««Aeiiii*x  k  Texnepirype  300*  K. 
j  •••  _  npiiKACHHiR  K  T«nnep»Type  300*  K  x  oricoppeKTHpoMH- 
HH  (BTOPIMN  (203). 


Key:  a.  bands,  n 

b.  total  intensity  cm”^»atm”A 

c.  temperature  during  measurements,  °K 

d.  authors 

1.  reduced  to  normal  conditions 

2.  reduced  to  the  temperature  300°K 

3.  reduced  to  the  temperature  300°K  and 

corrected  by  the  authors  [203] 
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A  quantitative  experimental  study  of  continuous  absorption 
in  the  8  -  13  p  window  was  carried  out  by  Roach  and  Goody 
[250]  in  1958.  The  measurements  which  were  made  in  London 
and  Essex  of  the  attenutation  of  solar  infrared  radiation  in 
individual  narrow  sectors  of  the  spectrum  with  a  resolution  of 
approximately  7  cm-*-  made  it  possible  to  single  out  from  the 
total  attenuation  the  selective  absorption  by  weak  lines  in 
the  given  sector.  The  measurements  were  made  on  clear  days. 

For  the  continuous  attenuation  coefficients  in  Essex  values 
were  obtained  which  were  approximately  50  times  as  large  as 
the  values  caused  by  aerosol  attenuation  under  the  same  weather 
conditions  obtained  according  to  VolzS  data  [251 ].  The 
attenuation  in  London  exceeded  several  times  the  attenuation 
in  Essex  which  is  due  to  the  considerable  pollution  in  the 
London  atmosphere.  An  important  shortcoming  in  the  work  of 
Roach  and  Goody  was  that  they  did  not  carry  out  the  attenuation 
measurements  in  the  visible  region  with  data  from  which 
aerosol  attenuation  could  be  singled  out. 

A  second  study  dealing  with  the  quantitative  investigation 
of  continuous  absorption  in  the  same  8  -  13  p  window  was  made 
by  Bignell,  Saiedy  and  Sheppard  [252],  who  eliminated  the 
methodological  shortcomings  in  the  first  study  which  included, 
in  addition  to  the  absence  of  measurements  in  the  visible 
region,  the  low  resolution  capacity  value  of  the  spectrometer. 
The  studies  were  made  using  two  methods  for  19  frequencies 
in  the  range  1202  -  479  cm_1(8.32  -  20.9  p) :  1)  using  the 

sun  as  the  source  (the  band  1202  -  790  cm-*);  2)  on  horizontal 
paths  200  and  400  m  long  using  the  Nernst  rod  (range  716  - 
479  cm-1) .  The  results  of  the  measurements  have  shown  that 
the  continuous  absorption  coefficient  in  the  wavelength  range 
considered  varies  from  0.06  to  4.1  g“**cm  .  More  detailed 
data  are  given  in  Table  3.4. 

A  special  study  of  C02  absorption  under  laboratory  con¬ 
ditions  has  shown  that  beyond  the  limits  of  the  spectral  in¬ 
terval  790  -  560  cm-1  (12.7  -  18  p)  the  effect  of  C02  ab¬ 
sorption  on  the  measurement  results  can  be  ignored. 

Table  3.5  gives  the  values  of  the  continuous  absorption 
coefficient  obtained  during  solar  spectra  measurements  at 
the  high-mountain  station  of  the  Atmospheric  Physics  Depart¬ 
ment  of  the  Leningrad  University  at  Mt.  El'brus  [253]. 

Data  for  the  continuous  absorption  coefficients  in  the 
wavelength  range  8  -  25  p  were  also  obtained  in  article 
[874  -  875]  and  in  the  range  8  -  14  p  in  article  [876]. 
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TABLE  3.4 


VALUES  OF  THE  CONTINUOUS  ABSORPTION  COEFFICIENT  k  FOR 

a 

STRONG  WATER  VAPOR  LINE  TAILS  FOR  VARIOUS  WAVELENGTHS  AC¬ 
CORDING  TO  THE  DATA  IN  ARTICLE  [252] 

(PRESSURE  P  -  1  atm,  ABSOLUTE  HUMIDITY  12  mb) 


8,32 

8,66 

8,86 

9,13 

10,14 

10,40 

11,10 

0,074 

0,0601 

0,0595 

0,0625 

0,0666 

0,0685 

0,0925 

X,MKM 

“ST 

A,  MKM 

kfr, 


11,44 

0,105 


11,82 

0,114 


12,02 

0,119 


12,20 

0,119 


12,66 

0,158 


13,96 

0,6±0,2 


A..  mJm 

16,38 

17,02 

17,88 

1 

18,83 

20,12 

20,88 

kP, 

0,8*0, t 

t,4±0,l 

1 ,7±0,1 

2,0±0,l 

3,0±0,1 

4,!±0,1 

Key :  a . 

b. 

c. 


TABLE  3.5 


VALUES  OF  CONTINUOUS  ABSORPTION  COEFFICIENTS  k 

a 


IN  THE  FAR  TAILS  OF  STRONG  WATER  VAPOR  LINES 
IN  VARIOUS  NARROW  SECTORS  OF  THE  SPECTRUM 
ACCORDING  TO  THE  DATA  IN  ARTICLE  [253] 


,  * 

A,  mkm 

kfccM-l 

3,58 
!  0,07 

3,70 

0,062 

8,15 

0,15 

8,30 

0,12 

8,53 

0,10 

8.76 

0,10 

8,86 

0,095 

A,  MKM 
cm-' 

9,10 

0,090 

10,18 

0,085 

10,40 

0,085 

10,62 

0,090 

10,92 

0,11 

11,11 

0,12 

.  o' 

A,  JKMI 

kfcch 

11,51 

0,15 

11,98 

0,15 

12,18 

0,16 

12,72 

0,21 

12,95 

0,22 

13,95 

0,225 

Key :  a .  n 

b.  cm--1 

c.  a 
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In  conclusion  we  emphasize  the  need  for  continuing  the 
experimental  study  of  the  phenomenon  considered.  Such  studies 
are  important  primarily  because  it  is  difficult  to  solve 
theoretically  this  problem  since  analytic  expressions  which 
describe  with  sufficient  accuracy  the  far  tails  of  spectral 
absorption  lines  are  not  available. 


7.  Fine  Structure  Of  Absorption  Spectrum  of  Carbon 
Dioxide 

The  fine  structure  of  the  vibration-rotation  C02  spectrum 

has  been  investigated  in  many  experimental  and  theoretical 
studies.  In  the  first  studies  the  bands  in  the  15  and  4.3  p 
regions  were  subjected  to  the  most  detailed  analysis.  The 
bands  in  the  15  p  region  play  an  important  role  in  long  wave 
radiation  absorption  in  the  atmosphere.  The  bands  4.3  p 
are  so  strong  that  their  absorption  can  be  detected  even  in 
the  thermosphere.  Investigators  try  to  use  this  fact  to 
reconstruct  the  vertical  temperature  profiles  up  to  high  al¬ 
titudes  with  the  aid  of  the  corresponding  emitted  radiation 
measurements  [ 254  ] . 

The  possibility  of  using  C02  absorption  bands  in  the 

regions  4.3,  15.0  p  and  other  regions  to  solve  problems 
of  artifical  satellite  meteorology  has  brought  on  in  the  last 
few  years  a  considerable  number  of  publications  in  which 
the  fine  structure  of  all  fundamental  bands  has  been  studied. 
Below  we  present  the  results  of  studies  obtained  by  various 
authors  for  individual  absorption  bands. 

1.  Bands  in  the  15.0  p  Region.  The  detailed  structure 
of  the  spectral  band  in  the  region  considered  has  been  studied 
for  *,he  first  time  theoretically  by  Kaplan  [255],  Yamamoto 
and  Sasamory  [256],  In  [255]  and  [256]  data  were  obtained 
about  the  positions  and  intensities  of  the  lines.  The  calcu¬ 
lations  were  made  for  the  fundamental  isotope,  without  subse¬ 
quently  taking  into  account  the  interaction  between  the  vi¬ 
bration  and  oscillation  movements  of  the  molecules  and  the 
Coriolis  interaction.  The  relative  intensities  of  the  band 
lines  in  the  region  considered  were  calculated  by  Wyatt,  Plass 
and  Stull  [212,  215]. 

The  most  accurate  experimental  data  about  the  position 
of  the  line  centers  in  the  band  region  15.0  p  were  obtained 
by  Gordon  and  McCubbin  [257].  The  authors  of  this  article 
were  able  to  obtain  very  high  spectral  resolution,  which 
corresponded,  for  all  practical  purposes,  to  the  limit  for 
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Echelette  interferometer  technology.  This  made  it  possible  to 
determine  the  positions  of  the  line  centers  with  an  accuracy 
of  several  thousandths  cm-1.  A  comparison  of  the  experimental 
data  obtained  with  the  calculated  values  has  shown  that  for 
most  lines  the  data  agreed  with  an  accuracy  up  to  0.01  cm  , 
and  the  maximum  deviation  did  not  exceed  0.027  cm-*-. 

The  halfwidth  of  the  y  line  in  the  band  considered  was 
determined  experimentally  in  the  work  of  Kaplan  and  Eggers 
[258]  and  tfadden  [61  ].  In  the  first  study,  only  strong  lines 
were  investigated  for  which  the  value  of  y  obtained  was  equal 
to  0.064  cm--*-.  However,  later  Kaplan  revised  the  results  of 
this  study  and  under  normal  conditions  found  for  y  the  value 
0.075  cm-*-.  Madden  [61]  found  a  relationship  between  the  half¬ 
widths  of  the  lines  and  the  rotation  quantum  number  for  each  band 
in  the  region  studied. 

In  paper. s  [795  -  797]  the  halfwidths  and  intensities  of 
a  series  of  P  lines  and  R  branches  of  the  band  10°0  -  00°1 
were  found  wnen  a  laser  based  on  a  C02  mixture  with  nitrogen  was 

used  as  the  radiation  source.  In  this  case  the  centers  of  the 
radiation  and  absorption  lines  coincide,  and  the  expressions 
for  the  Doppler  and  Lorentz  contours  of  the  line  simplify 
and  can  be  used  to  determine  with  sufficient  accuracy  the 
parameters  of  the  corresponding  lines. 

2.  Bands  in  the  4.3  fi  region.  The  positions  of  the  line 
centers  and  their  intensities  in  the  bands  considered  have 
been  studied  several  times  by  a  number  of  authors.  The  most 
important  results  were  obtained  in  the  w-;rk  of  Nielsen  and 
Yao  [259],  Benedict,  Herman,  Silverman  i260],  Wintrrs,  Silver- 
man  and  Benedict  [78],  Wyatt,  Plass  and  Stull  [212,  215], 

Courtoy  [261],  Gray  and  Selvidge  [262],  Kyle,  D.  Murcray,  F. 
Murcray  and  Williams  [79],  Migeotte,  Neven,  Swenson  and 
Benedict  [182].  In  article  [259]  the  band  was  analyzed 

for  the  C120*6  and  C^oi6  isotopes,  and  in  [ 260 ]  R  branches 

of  bands  were  studied,  and  in  [261  ]  the  spectrum  in  the  4.3  |i 
region  was  recorded  in  greatest  detail. 

In  articles  [212,  215]  the  intensities  of  lines  were  cal¬ 
culated  in  eight  isotope  C0g  modifications.  The  relative  in¬ 
tensities  of  the  lines  for  the  transitions  from  the  molecular 
states  00°0  and  01*-0  were  obtained  in  [262],  In  [79]  the 
positions  and  intensities  of  approximately  300  lines  have  been 
calculated.  The  calculations  have  shown  that  the  contribu¬ 
tion  of  the  80  strongest  lines  to  the  total  band  intensity 
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was  equal  to  97.1%.  Table  3.6  gives  data  for  the  bands  which 
were  studied  in  article  [79]. 

The  halfwidths  of  the  v  lines  in  the  4.3  |i  band  region  have 
not  been  studied  adequately.  Usually  when  the  absorption  co¬ 
efficients  and  functions  are  calculated,  the  quantity  v  is 
assumed  to  be  the  same  and  taken  equal  to  0.066  cm--*-  under 
standard  conditions. 


Key:  a.  isotope 

b.  state 

c.  resolved  values  of  j 

d.  center  of  bands,  cm-* 

e.  maximum  value  of  j 

f .  even 

g.  even  and  odd 


3.  **j~nds  in  the  2.7  and  2.05  |i  Regions.  The  positions 
of  the  lii.V  centers  and  their  intensities  in  the  band  regions 
2.7  and  2.05  u  have  been  studied  in  greatest  detail  in  com¬ 
parison  to  all  other  bands^due  to  the  work  of  Calfee  and 
Benedict  [263]. 

The  authors  of  [263]  calculated  the  positions  of  the 
centers  and  intensities  of  2826  lines  in  the  band  region 
2.05  p  and  4790  lines  in  the  band  region  2.7  p.  In  the  ar¬ 
ticle  all  molecular  parameters  which  were  used  when  each  band 
was  calculated  has  been  tabulated  in  detail.  When  the  positions 
of  the  lines  were  calculated,  the  interaction  between  the 
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vibration  and  rotation  molecular  movements  caused  by  centri¬ 
fugal  distortions  and  Coriolis  forces  have  been  taken  into 
account.  The  intensities  of  the  lines  were  calculated  without 
subsequently  taking  into  account  the  interactions  between  the 
vibration  and  rotational  molecular  movements.  The  computational 
procedure  described  in  paragraph  5  has  been  used  to  calculate 
the  line  intensities,  using  the  data  for  band  intensities  ob¬ 
tained  in  the  work  of  the  Burch  team. 

The  table  of  the  frequencies  of  the  line  centers  and  their 
intensities  in  [263]  contains  all  rotation  levels  of  the  molecule  with 
values  of  the  rotation  quantum  number  j^lOO.  This  means 
that  the  table  includes  practically  all  lines  which  can  occur 
during  measurements  in  the  earth's  atmosphere.  Reviewing  paper 
[263],  Williams  [264]  states  that  he  is  ready  to  consider  him¬ 
self  as  one  of  those  who  propose  a  reward. for  the  discovery 
of  lines  which  have  not  been  tabulated  in  [263]. 

The  relative  intensities  of  the  lines  in  the  bands  con¬ 
sidered  have  been  calculated  in  articles  [212,  215]. 

The  fine  structure  of  the  spectrum  and  its  individual 
elements  in  the  absorption  band  regions  2.7  and  2.05  p  has 
been  studied  by  various  authors  in  many  papers.  A  bibliography 
of  these  papers  can  be  found  in  the  well-known  Herzberg  mono¬ 
graphs  [798 J  and  Goody  monographs  [3]  and  in  Gordon's  and 
UcCubbin's  articles  [265]. 

The  positions  of  lines  in  the  2.7  p  region  have  been 
studied  experimentally  in  greatest  detail  in  article  [265], 

The  authors  of  [265]  measured  the  positions  of  the  centers  in 
10  bands,  one  isotope  band  and  two  cl60l6()18 

isotope  bands.  All  measurements  were  made  with  an  accuracy 
of  +  0.005  cm”*. 

K.  B.  Vasilevskiy  and  his  collaborators  [266]  measured 
the  halfwidths  of  several  tens  of  absorption  lines  in  the 
band  4Vg  +  (2.05  p) .  The  measurements  were  carried  out  both 

with  pure  C02  and  with  COg  +  Ng  mixtures.  The  intensities 

and  halfwidths  of  almost  all  P  lines  and  R  branches  in  the 
band  have  been  determined.  In  pure  COg  the  half widths  of  the 

Y  lines  varies  between  the  limits  0.126  -  0.06  cm“**atm”*  when 
the  rotation  quantum  number  varies  from  4  to  50  -  56.  In 
the  gas  mixture  the  quantity  y  varies  from  0.122  to  0.09  cm-1* 
atm”1. 
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4.  Weak  Absorption  Bands.  In  addition  to  the  most  in¬ 
tense  C(>2  bands  which  have  been  considered,  there  is  a  series 

of  very  weak  bands, the  fine  structure  of  which  cannot  be  ob¬ 
tained  either  theoretically  or  experimentally  under  laboratory 
conditions  with  a  large  mass  of  the  absorbing  carbon  dioxide. 
These  bands  lie  in  the  spectral  regions  near  10.4,  9.4,  5.2, 
4.8,  1.6,  1.4  p  and  also  in  the  intervals  between  these  and 
between  the  strong  absorption  bands  or  in  the  transparent 
windows  of  the  atmosphere  which  include  the  visible  region  of 
the  spectrum. 

The  fine  structure  of  the  weak  COg  bands  has  not  been 

studied  sufficiently,  since  their  role  in  atmospheric  processes 
is  not  important  and  their  study  presents  a  rather  difficult 
problem.  A  bibliography  of  the  work  which  has  been  carried 
out  is  contained  in  monograph  [l,  3]  and  in  article  [267]. 

We  will  state  a  number  of  results.  From  an  analysis  of 
the  result  of  theoretical  and  experimental  studies  of  the 
fine  structure  of  the  COg  absorption  spectrum,  the  following 

conclusions  can  be  made.  The  most  complete  data  about  the 
positions  of  the  line  centers  were  obtained  in  experimental 
studies.  For  most  lines  the  positions  of  their  centers  in 
all  fundamental  bands  were  found  with  an  accuracy  of  0.005  - 
0.1  cm-1.  The  positions  of  the  line  centers  were  also  cal¬ 
culated  for  the  vast  majority  of  lines.  The  calcula¬ 
tions  did  not  take  subsequently  into  account  the  interaction 
between  the  vibration  and  rotation  molecular  movements  for 
individual  lines.  The  errors  which  were  generated  in  the 
process  must  still  be  estimated. 

The  greatest  amount  of  data  about  the  line  intensities 
has  been  obtained  by  calculation.  The  number  of  lines,  the 
intensities  of  which  have  been  determined  from  the  experiment, 
is  very  limited.  The  calculation  of  the  line  intensities 
and  their  positions  have  been  carried  out  without  taking  in¬ 
to  account  subsequently  the  interaction  between  the  vibration 
and  rotation  levels  of  the  molecule. 

A  very  limited  number  of  both  theoretical  and  experimental 
data  are  available  about  the  halfwidths  of  the  lines  in  all 
vibration-rotation  C02  bands.  In  all  calculations  the  half¬ 
width  of  a  line  is  considered  to  be  constant  within  the  limits 
of  the  given  band,  which  strictly  speaking  is  invalid. 

The  inaccuracies  when  all  three  line  parameters  are  de¬ 
termined  are  most  pronounced  in  the  value  of  the  absorption 
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coefficient  in  the  central  regions  of  the  lines. 

8.  Absorption  Functions  in  Various  Regions  of  the 
COg  Spectrum 

The  absorption  functions  in  various  regions  of  the  C02 

spectrum  are  determined  as  in  the  case  of  water  vapor,  using 
three  methods,  the  application  of  which  will  be  discussed  be¬ 
low. 


1.  Direct  Calculation  of  Absorption  Functions.  The  ab¬ 
sorption  functions  were  calculated  TnHetaTI  in  the  interval 
from  12  to  18  p  by  Drayson  [62].  Altogether  about  2000  lines 
were  used  in  the  calculations,  the  halfwidth  of  which  was 
assumed  to  be  constant  and  equal  to  0.064  cm"1  at  a  pressure 
of  1  apm  and  a  temperature  of  298°K.  The  relation  between  the 
halfwidths  of  the  lines  and  the  rotation  quantum  number  was  not 
taken  into  account.  The  absorption  coefficient  which  is  then 
used  to  calculate  the  absorption  functions  is  determined  on 
the  basis  of  the  data  for  the  intensity,  positions  of  the 
centers  and  the  halfwidths  of  lines. 

When  the  absorption  coefficient  is  calculated  in  the  ex¬ 
pression  for  the  line  contour 


s  v 

Jl  (V— v0)»+y» 


the  term  y2  is  ignored  for  frequencies  which  satisfy  the 
conditions  (v  -  vQ)>  7.0  cm-1.  The  error  due  to  this  operation 
did  not  exceed  10u4  times  the  value  of  k(v)  for  all  pressures. 

The  absorption  band  was  broken  up  into  small  intervals 
with  a  minimum  width  of  0.001  cm"1  in  the  central  regions  of 
the  lines  and  0.1  cm"1  in  the  tails  of  the  lines.  The  ab¬ 
sorption  functions  were  obtained  for  regions  with  widths 
0.1  cm-1  and  were  then  averaged  for  intervals  with  widths 
5  cm"1. 

The  computational  results  were  compared  with  the  experi¬ 
mental  data  obtained  by  the  Burch  team  and  with  Yamamoto's 
calculations.  Satisfactory  agreement  between  the  data  com¬ 
pared  was  obtained  for  a  pressure  of  0.2  and  1.0  atm.  For  low 
pressure  in  the  central  part  of  the  band  the  differences  were 
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cons i ler able  which,  in  the  opinion  of  the  author  [62],  may 
be  re.'ated  to  the  accuracy  with  which  the  total  intensity  of 
the  band  has  been  determined  (in  article  [62]  it  was  taken  to 
be  equal  to  194  cm"1)  cr  to  not  taking  into  account  the  rela¬ 
tion  between  the  half width  of  the  lines  and  the  rotary  quantum 
number.  We  note,  however,  that  for  very  small  pressures  the 
data  of  Drayson  and  Yamamoto  differ  so  much  that  it  is  doubtful 
that  this  can  be  explained  by  the  reasons  which  were  stated. 
Thus,  for  example,  for  the  sector  of  the  spectrum  with  center 
near  15.1  n  for  a  pressure  of  P  =  1  mb  this  difference  exceeds 
by  2  orders  of  magnitude  the  value  of  the  absorption  function 
[268].  It  is  difficult  to  make  any  statement  for  the  time 
being  about  the  real  causes  for  such  pronounced  difference. 

2.  Calculation  of  Absorption  Functions  Using  Formulas 
for  Models  of  the  Spectra.  The  most  detailed  data  about  the 
absorption  functions  in  the  region  of  the  fundamental  vibration- 
rotation  COg  bands  were  obtained  in  the  studies  of  the  Plass, 

Stull  and  Wyatt  [212,  215  and  270 ].  In  the  first  article  data 
was  obtained  for  the  absorption  function  in  sectors  10  -  20  cm-1 
wide  in  the  region  of  the  bands  15,  4.3,  2.7  and  2.0  n.  In 
[215]  using  a  quasistatistical  model,  the  absorption  functions 
were  calculated  in  regions  2.5  cm"1  wide  in  the  interval  500  - 
100-  cm"1  (1  -  20  p)  for  three  values  of  the  temperature  T: 

200,  250  and  300°K  for  the  same  7  values  of  the  pressure  used 
in  the  water  vapor  calculations:  1.0,  0.5,  0.2,  0.1,  0.05, 

0.02  and  0.01  atm  and  15  values  of  the  COg  mass  from  0.2  to 

10  000  atm* cm.  We  note  that  the  kilometer  layer  of  the  at¬ 
mosphere  near  the  earth's  surface  is  characterized  by  a  COg 

mass  which  is  approximately  equal  to  30  atm* cm.  For  the  above 
values  of  the  calculated  parameters,  in  [215]  the  absorption 
functions  were  also  obtained  in  the  intervals  20,  50  and 
100  cm-1  with  centers,  respectively,  at  every  10,  25  and 
50  cm"1.  A  part  of  the  data  obtained  in  [215]  was  published 
in  [269].  A  comparison  of  the  data  calculated  in  [215]  with 
the  experimental  values  [216]  has  shown  good  agreement. 

To  obtain  results  which  are  convenient  for  practical  use, 
we  used  the  numerical  values  of  the  fitted  parameters  which 
were  obtained  in  [212]  and  calculated  the  COg  absorption  func¬ 
tions  for  spectral  intervals  of  width  0.1  |i.  The  absorption 
functions  were  calculated  in  regions  of  the  spectrum  0.1 
with  within  the  bands  15,  4.3,  2.7  and  2.0  n  for  the  pressures 
1.0,  0.9,  0.7,  0.5,  0.3,  0,1,  0.05  and  0.01  atm  and  a  COg 

mass  corresponding  to  the  distances  over  which  the  radiation 
was  propagated  along  horizontal  paths  from  0.1  to  100  km  at 
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each  altitude.  The  computational  results  which  were  obtained 
are  represented  in  the  form  of  detailed  graphs  in  monograph 
[l]  and  in  article  [790], 

A  reference  is  made  in  article  [271  ]  to  the  absorption 
functions  which  were  calculated  in  the  regions  of  the  9.4  and 
10.4  p  COg  bands.  The  value  y  =  0.07  cm-*  was  used  for  the 

halfwidths  of  the  lines,  and  for  the  total  intensity  of  bands 
the  values  0.016  and  0.030  cm-2. atm-1  were  taken  at  a  tempera¬ 
ture  of  300°K.  A  comparison  of  the  calculated  results  with 
the  experimental  values  for  the  temperature  range  from  296 
to  555°K  has  shown  satisfactory  agreement  of  the  data. 

Gray  and  McClatchey  [272]  calculated  the  absorption  func¬ 
tions  for  COg,  NgO  and  CO  mixtures  in  the  spectral  region 

4.2  -  4.8  p.  The  calculated  results  were  represented  for  various 
altitudes  of  the  homogeneous  atmosphere.  Originally  the  calcu¬ 
lations  included  99  vibration  levels.  However,  later  it  became 
evident  that  the  results  do  not  change,  for  all  practical  pur¬ 
poses,  if  only  27  of  these  are  used. 

3.  Experimental  Determination  of  the  Absorption  Functions. 
The  most  detailed  data  for  the  absorption  functions  in  the 
fundamental  vibration-rotation  C0„  band  regions  were  obtained 
in  studies  of  the  Howard  team  [213,  220 ],  Burch  [216,  273]  and 
B.  I.  Golubitskiy  [792-868]. 

In  the  first  group  of  studies  a  series  of  recordings  of 
the  absorption  spectra  of  COg  and  Ng  mixtures  were  obtained 

in  the  absorption  band  region  near  1.4,  1.6,  2.0,  2.7,  4.3, 

4.8,  5.2  and  15.0  p  for  various  partial  pressures  of  the  com¬ 
ponents.  The  measurements  were  made  when  the  absorbing  COg 

mass  varied  greatly.  In  the  second  group  of  studies,  the 
absorbing  masses  when  the  spectra  of  the  bands  2.7,  4.3  and 
15.0  p  were  recorded  were  considerably  smaller  than  in  [213, 

220];  however,  the  weak  bands  9.4  and  10.4  p  were  studied 
using  very  large  masses,  from  48  to  11  200  atm*cm.  We  recall 
that  the  COg  mass  in  a  1  km  horizontal  layer  of  the  earth's 

atmosphere  is  equal  to  30  atm-cm. 

Just  as  in  water  vapor  studies,  a  treatment  of  the 
measurement  data  for  the  CO  absorption  spectra  made  it  pos- 

2 

sible  to  find  empirical  formulas  for  the  total  absorption  of 
entire  bands  in  both  groups.  These  relations  turned  out  to 
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be  the  same  as  in  the  case  of  water  vapor  [see  formulas  (3.94), 
(3.95)  and  (3.96),  (3.97)].  The  empirical  constants  were 
found  separately  for  each  band. 

The  experimental  study  of  the  absorptions  functions  in 
the  regions  of  the  C02  spectrum  with  widths  from  5  to  15  cm-1 

which  was  carried  out  by  B.  II.  Golubitskiy 's  team  [792,  867, 
868]  made  it  possible  to  find  an  empirical  formula  to  determine 
the  absorption  function  for  different  COg  absorbing  masses 

and  pressures. 

Burch  and  Gryvnak  [81]  studied  in  detail  COg  absorption 

in  the  spectral  region  0.6  -  5.5  u,  when  the  pressure  varied 
within  very  wide  limits  (from  several  thousandths  mm  Hg  to 
15  atm).  The  authors  [81 ]  identified  30  new  absorption  bands. 
The  total  intensities  were  determined  for  the  most  important 
bands . 

In  the  work  of  Edwards  [231,  274,  275]  experimental  data 
was  obtained  about  the  total  absorption  of  various  COg  bands 

at  higher  temperatures.  The  total  intensity  of  the  COg  15  n 

band  was  determined  most  accurately  in  article  [276],  which 
turned  out  to  be  equal  to  200  +  10  cm-2. atm-1.  In  [276]  the 
data  was  compared  with  the  data  of  other  investigators.  In 
five  other  studies  values  were  obtained  for  this  quantity  be¬ 
tween  the  limits  170  i  18  -  218  *  5  cm-2. atm-1.  However,  in 
two  other  studies,  the  total  intensity  of  the  band  turned 
out  to  be  equal  to  330  ±  90  and  146  ±  18  cm-2. atm-1. 

9.  Structure  and  Absorption  Functions  in  the 
Ozone  Spectrum 

The  fine  structure  of  the  vibration-rotation  and  pure 
ozone  rotation  spectrum  has  been  studied  theoretically  and 
experimentally  in  a  number  of  articles,  for  which  a  bibliog¬ 
raphy  is  given  in  [l,  3,  277], 

The  most  detailed  analysis  of  the  fine  structure  of  the 
fundamental  overlapping  Og  bands  9.1  and  9.6  u  was  made  by 

Clough  and  Kneizis  [277,  278]. 

The  authors  calculated  the  positions  of  the  centers  and 
the  intensities  of  over  1200  and  1800  absorption  lines  in  ' 
the  spectral  regions  995-1070  cm-1  and  1065  -  1155  cm-1, 
respectively.  The  Coriolis  interaction  between  the  lines  in 
the  and  Vg  was  taken  into  account  in  the  calculations. 
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The  computational  results  were  used  to  find  the  Og  spectral 

absorption  contour,  which  was  subsequently  compared  with  the 
corresponding  experimental  curves  of  White,  Alper,  Debell 
and  Chapman  [  279],  which  were  recorded  with  0.08  -  0.06  cm-* 
resolution.  When  the  line  intensities  were  calculated  the 
total  intensity  value  of  the  band  Vg  obtained  by  Walshaw  [280] 
was  used  which  is  equal  to  455  cnr^Tatm-*  under  standard 
conditions. 

The  structure  of  the  v2  ozone  band  near  14  u  was  measured 

by  Nexen  [281]  and  the  same  author  made  the  first  attempt  to 
analyze  this  band. 

In  article  [282]  the  structure  of  the  complex  band 
V1  +  v3  center  near  4.7  n  was  studied  experimentally  under 

natural  and  laboratory  conditions.  Using  the  results  obtained 
in  [282],  Trajmar  [283,  284]  analyzed  the  fine  structure  of 
the  band. 

An  analysis  of  the  fine  structure  of  the  pure  Og  rotation 

spectrum  was  made  by  Gora  [285].  New  data  for  the  high  resolu¬ 
tion  Oo  spectrum  in  the  region  80  -  92  cm-*  was  obtained  in 
article  [286]. 

A.  P.  Gal'tsev  and  V.  11.  Osipov  [889]  calculated  the  in¬ 
tensities  and  positions  of  line  centers  in  the  4.7  n  band 
and  alpo  the  absorption  functions  in  sections  of  the  spectrum 
10  cm-*  wide  in  the  bands  9.6  and  4.7  u. 

The  most  complete  experimental  data  for  the  absorption 
functions  of  the  Og  9.6  u  band  were  obtained  by  Walshaw  [287], 
The  measurements  were  made  under  laboratory  conditions,  the 
settled  O3  layer  was  varied  from  0  to  1.5  cm  and  the  pressure 
was  varied  from  0.5  to  760  nun  Hg.  In  [890 ]  the  settled  O3 
layer  reached  4.7  cm,  and  the  pressure  took  on  8  values  from 
10  to  400  mb  and  above.  A  rather  complex  empirical  formula 
for  the  absorption  function  of  the  entire  band  was  proposed 
in  [287]  on  the  basis  of  a  treatment  of  the  measurement  re¬ 
sults,  a  simpler  formula  for  the  absorption  function  in  three 
spectral  intervals  was  selected  in  [890]  into  which  the  band 
was  broken  up:  990  -  1110  cm-*  (center  of  the  band) ,  960  - 
990  and  1080  -  1110  cm-*  (tails  of  the  band) . 

Quantitative  data  for  absorption  in  the  4.7  u  ozone  band 
was  also  obtained  in  article  [287].  Using  the  Walshaw  data 
about  infrared  radiation  absorption  in  the  9.6  and  4.7  (i  band, 
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Altshuller  [288]  constructed  graphs,  which  made  it  possible 
to  estimate  the  radiation  absorption  by  these  bands  in  at¬ 
mospheric  conditions.  Elsasser  [289]  constructed  very  useful 
curves  which  were  based  on  the  Walshaw  data,  which  characterize 
the  spectral  transmission  of  this  band  with  low  resolutions 
for  various  values  of  the  settled  ozone  layer  (Fig.  3.4). 


Fig.  3.4.  Spectral  absorption  curves  in  the 

9.65  p  ozone  band  for  various  values 
of  the  settled  layer  u,  constructed 
in  [289] 

Key:  a.  p 

b.  cm-1 

10.  Fine  Structure  and  Absorption  Functions  of  the 
Oxygen  Spectrum 

The  position  of  the  lines  in  the  fine  structure  of  the 
red  system  of  the  bands  of  the  atmospheric  oxygen  absorption 
spectrum  has  been  studied  by  Babcock  and  Herzberg  [799].  The 
distribution  of  line  intensities  in  the  0.76  p  band  (transi¬ 
tion  0-0)  and  the  halfwidth  of  the  lines  were  measured  by 
T.  G.  Adiks  and  V.  I.  Dianov-Klyukov  [800],  who  also  determined 
the  power  of  the  band  oscillator.  The  mean  halfwidth  values 
of  the  line  during  Og  ~  Og  molecular  collisions  and  collisions 

with  oxygen  and  air  molecules  turned  out  to  be  equal  to  0.085 

and  0.077  cm"l  .atm-*,  respectively.  No  important  dependence  of 
the  halfwidth  of  the  line  on  the  value  of  the  rotation  quantum 
number  was  found  in  [800], 
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Using  the  data  obtained  for  the  power  of  the  band  oscil¬ 
lator,  the  mean  line  intensities,  and  also  the  data  about  the 
position  of  the  lines  from  [799],  and  the  distribution  of 
their  intensities  in  the  band  from  [801 ],  the  authors  of  [800 ] 
calculated  the  absorption  functions  for  the  band  in  the  earth's 
layer  of  the  atmosphere. 

•  The  transmission  function  for  the  0.76  p  band  was  also 
calculated  by  Vark  and  Mercer  [802]  on  the  basis  of  the  data 
which  they  obtained  for  the  total  absorption  of  the  band.  It 
is  noted  in  [800]  that  in  order  to  obtain  agreement  between 
the  calculated  and  experimental  data,  the  authors  of  [802] 
had  to  change  the  value  of  the  total  intensity  of  the  band. 
Because  of  the  possibility  of  using  the  0.76  p  oxygen  absorp¬ 
tion  band  to  determine  the  altitude  of  the  upper  boundary  of 
clouds  from  artificial  earth  satellities,  a  great  deal  of 
attention  has  lately  been  given  to  the  study  of  this  band 
[802  -  804]. 

The  relation  between  equivalent  widths  S  of  telluric 
02  lines  in  the  0.69  p  band  and  the  temperature  in  the  atmosphere 

has  been  studied  in  article  [891  ].  The  studies  have  shown  that 
when  the  temperature  rises,  the  values  S  vary  in  different  ways, 
which  depend  on  the  rotation  levels  where  they  begin. 

11.  Fine  Structure  and  Absorption  Functions  of  Spectra 
of  Small  Admixtures  in  the  Atmosphere 

1.  Methane.  More  than  20  papers  were  devoted  to  a  study 
of  the  v i brat ion -rotation  methane  absorption  spectrum,  the 
bibliography  of  which  up  to  the  year  1964  is  given  in  [237], 

The  v3  band  was  investigated  by  Allen  and  Plyler  [290 ].  The 

high  resolution  spectrum  of  the  v2  band  was  obtained  in  article 
[292].  The  occurrence  of  the  forbidden  band  v2  in  the  spec¬ 
trum  is  due  to  the  vibration-rotation  Interaction.  In  addition 
to  an  analysis  of  the  positions  of  lines,  their  relative  in¬ 
tensities  are  calculated  in  [292]  using  the  formulas  obtained 
earlier  in  [ 291 ] . 

The  data  for  the  absorption  functions  CH^  bands  are: 

3.33,  6.45,  7.65  p,  the  NgO  bands:  3.9,  4.05,  4.5,  7.78, 

8.55,  14.5,  17.0  p  and  the  CO  bands:  2.32,  467  p  were  ob¬ 
tained  by  the  Burch  team  [216,  293,  294].  The  measurements 
were  made  both  with  pure  gases  and  also  with  nitrogen  mixtures 
and  other  extraneous  gases.  The  NgO,  CHj  and  CO  concentra¬ 
tions  were  varied  within  limits  which  were  known  to  overlap 
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with  their  values  under  natural  conditions. 

As  a  result  of  the  studies  which  were  made,  not  only  data 
for  the  total  absorption  but  also  for  the  coefficients  B  which 
characterize  the  relative  efficiency  of  molecular  collisions 
of  the  absorbing  gas  and  collisions  with  molecules  of  the  ex¬ 
traneous  gas  Ng  were  obtained  (see  Table  3.1).  In  addition 

to  this  the  values  of  the  relative  optical  collision  diameters 
da  0/d„  k  were  obtained  in  [216]  (the  subscripts  a  and  L>  re- 

fer,  respectively,  to  the  absorbing  and  extraneous  gases),  and 
the  values  of  the  relative  expansion  coefficients  p 

where  P^  is  the  gas  pressure  required  for  the  same  broadening 

line  effect  as  the  effect  due  to  N2  (Table  3.7). 


TABLE  3.7 

VALUES  OF  THE  RELATIVE  EXPANSION  COEFFICIENTS  Fb, 

da  a 

AND  THE  RELATIVE  OPTICAL  COLLISION  DIAMETERS 

da,b 

FOR  VARIOUS  GASES  ACCORDING  TO  THE  DATA  IN  ARTICLE  [216] 


XlOTJIO- 

CMiuwtuHft 

rta 

n<W!OC»^ 

Pa'  ^ 
MM 

pm.  cm. 

Pb.  J 

MM 

pm.  cm. 

& 

r*»  p»c- 

uiNpHrenb 

**a,  a 
b 

2224 

10 

15-990 

cli4 

0,83 

1,08 

0,93 

0,94 

n2o 

1285 

100 

80-900 

■ 

V 

CO  1 

0,72 

1,17 

0,97 

| 

0,87 

1,14 

0,99 

•  CO 

2143 

100 

100-2900 

ch4 

1,12 

0,96 

co2 

2350 

50 

30-650 

02 

0,81 

0,92 

ch4 

3020 

50  ■ 

50-2450 

CO* 

1,25 

1,15 

Key: 


a.  absorbing  gas 

b.  band,  cm”1 

c .  P_ ,  mm  Hg . 

«• 

d.  P^,  mm  Hg 

e.  expanding  gas 
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The  data  obtained  by  the  Burch  team  for  the  total  band 
absorption  of  the  gases  studied  make  it  possible  to  determine 
the  absorption  functions  for  these  bands  and  to  evaluate 
quantitatively  the  role  played  by  each  band  in  infrared  radia¬ 
tion  attentuation  from  sources  with  a  continuous  spectrum  at 
different  temperatures. 

The  absorption  functions  were  studied  experimentally  in 
narrow  regions  of  the  methane  spectrum  by  the  B.  M.  Golubitskiy 
team  [793  -  869],  A  treatment  of  the  measurement  results 
made  it  possible  to  find  the  parameters  in  the  empirical  formula 
for  the  absorption  functions. 

Edwards  and  Menard  [274]  obtained  a  relation  for  the  total 
absorption  in  the  7.6  and  3.3  p  bands  for  CH^  on  the  basis  of 

models.  The  parameters  in  the  relations  were  determined  for 
the  temperatures  300,  555  and  833°K. 

2.  Nitrogen  Monoxide.  The  positions  of  line  centers  in 
the  fine  structure  of  the  vibration-rotation  and  pure  rotation 
NgO  spectra  have  been  studied  in  great  detail  at  the  present 

time.  The  corresponding  bibliography  for  the  papers  can  be 
found  in  Goody's  monograph  [3 ]  and  in  the  surveys  of  Howard 
and  Garing  [296]. 

The  intensities  and  halfwidths  of  the  NgO  absorption  lines 

have  not  been  studied  adequately.  Gray  [297],  using  the 
approximations  for  a  harmonic  oscillator,  calculated  the  re¬ 
lative  intensities  for  the  lines  of  the  band  (4.6  p)  for  the 
temperature  range  200  -  300°K.  To  determine  the  absolute 
values  of  the  line  intensities,  the  value  of  the  total  band 
intensity  was  used,  which  was  equal  to  1850  cm_2.atm“l  at 
300°K.  Given  the  data  for  the  line  intensities  and  assuming 
that  they  had  the  same  halfwidth  equal  to  0.05  cm-1  under 
normal  conditions,  using  a  statistical  model,  the  author  of 
[297]  calculated  the  absorption  functions  for  narrow  regions 
of  the  spectral  band. 

Abels  and  Ford  [298]  measured  the  intensities  and  half¬ 
widths  of  more  than  70  lines  in  the  NnO  5.3  p  band.  The 
authors  of  [298]  detected  a  relationship  between  the  half¬ 
widths  of  the  lines  and  the  rotation  quantum  number. 

Oppenheim  and  Goldman  [299]  used  an  approximate  method 
to  determine  the  halfwidths  of  the  lines,  which  was  based  on 
the  use  of  the  formulas  for  the  absorptions  functions  in  the 
Elsasser  model  and  the  experimental  data  for  the  absorption 
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functions  with  low  resolution.  The  authors  of  [299]  found  for 
the  4.5  n  part  of  the  band  the  half width  y°  =  0.08  cm”1. atm”1 
at  the  temperature  300°K,  when  the  expanding  gas  used  was 
nitrogen. 

Rank  and  his  collaborators  [300],  found  the  intensities 
of  individual  lines  in  the  region  of  the  3.9  n  NgO  band. 

Various  molecular  and  molecular  force  constants  were  found 
in  articles  [301,  302]. 

The  total  intensities  of  the  NgO  bands  were  investigated 

in  the  studies  of  the  Burch  team  [216],  by  Abels  and  Shaw 
[303]  and  by  Yamada  and  Person  [304],  The  absorption  func¬ 
tions  in  narrow  regions  of  the  fundamental  NgO  bands  were 

measured  by  the  B.  M.  Golubitskyi  team  [869  -  870].  The  ab¬ 
sorption  functions  were  measured  for  overlapping  NgO  and  CO 

absorption  bands  in  the  2200  cm-1  region  in  article  [305]. 

3.  Carbon  Monoxide.  Because  of  their  relative  simplicity 
the  vibration-rotation  and  pure  rotation  CO  spectra  have  been 
studied  in  sufficient  detail.  A  bibliography  of  the  papers 
can  be  found  in  Goody's  monograph  [3]  and  in  the  article  by 
Rank,  Pierre  and  Wiggins  [66 ].  The  last  article  gives  detailed 
data  for  the  molecular  and  molecular  force  constants. 

The  intensities  and  halfwidths  of  lines  in  the  vibration- 
rotation  CO  bands  have  been  studied  experimentally  in  the 
work  of  Benedict  and  his  collaborators  [307].  Shaw  and  France 
found  the  halfwidths  and  intensities  of  individual  lines  in 
the  fundamental  4.6  n  band.  The  halfwidths  of  the  lines  in 
the  pure  rotation  CO  spectrum  in  the  interval  100  -  3  cm-1 
were  measured  by  Dowling  and  Hall  [309].  In  [307]  and  [308] 
an  important  relation  between  the  halfwidths  of  the  y  line 
and  the  rotation  quantum  number  j  was  found  (when  j  varies  from 
1  to  25,  y  decreases  from  0.1  to  0.05  cm”1  under  normal  condi¬ 
tions)  . 

An  analysis  of  the  fine  structure  of  the  spectrum  for 
"hot"  CO  bands  consisting  of  lines  with  large  values  of  the  ro¬ 
tation  quantum  number  was  made  in  article  [310]. 

The  total  absorption  of  CO  bands  for  various  CO  partial 
pressures  and  extraneous  gases  was  measured  by  the  Burch  team 
1216]  and  by  Gryvnak  and  Shaw  [311  ].  In  article  [312]  the 
total  absorption  by  the  fundamental  vibration-rotation  CO 
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4.6  |i  band  was  studied  at  the  temperatures  300,  273  and  198°K 
when  the  pressure  and  absorbing  mass  varied  over  a  wide  range. 
The  total  absorption  of  the  fundamental  band  (the  interval 
1900  -  2450  cm-*)  was  measured  in  [313]  at  the  temperatures 
300,  600,  900,  1200  and  1500°K  when  the  pressure  varied  from 
0.25  to  3  atm  for  a  path  length  in  the  gas  vessel  of  1,  5,  10 
and  20  cm.  The  total  absorption  of  the  fundamental  band  and 
its  first  overtone  were  also  calculated  in  [313]  (the  4050  - 
4450  cm'l  region)  for  various  temperatures  and  pressures. 

The  absorption  functions  in  narrow  regions  of  the  CO 
spectrum  were  measured  in  article  [793]. 

Shaw  and  Houghton  [314]  calculated  the  total  absorption  in 
the  4.6  n  band  from  the  data  for  the  intensities,  halfwidths 
and  forms  of  the  lines  which  were  obtained  in  article  [307]. 

The  total  absorption  in  this  band  was  calculated  by  Edwards 
[306]. 


TABLE  3.8 

ATMOSPHERIC  GAS  ABSORPTION  BANDS  FOR  WHICH  EMPIRICAL 
COEFFICIENTS  WERE  OBTAINED  IN  FORMULA  (3.98)  USED 
IN  CALCULATING  THE  ABSORPTION  FUNCTIONS 
IN  ARTICLES  [791  -  793,  867  -  870 ] 


Key:  a.  gas 

band,  n 
b.  continuum 

1.  The  empirical  coefficients  were  obtained  on 
the  basis  of  a  treatment  of  the  data  from 
two  investigators 


Concluding  the  study  of  the  atmospheric  gas  absorption 
function  problems,  we  give  a  summary  of  the  basic  result 
(Table  3.8)  obtained  by  the  B.  M.  Golubitskiy  team  [791  -  793, 
867  -  870  ].  A  specific  feature  of  +his  series  of  studies  is 
that  in  it  results  were  obtained  which  are  convenient  for 
practical  use  and  which  make  it  possible  to  determine  auickly 
the  absorption  functions  in  relatively  narrow  regions  of 
the  spectrum  at  various  pressures  and  for  various  masses  of 
the  absorbing  gases.  In  particular,  the  great  value  of  this 
work  is  that  wide  ranges  of  the  absorbing  gas  masses  are  covered 
during  the  measurements.  We  note  that  N2  absorption  in  the 

4.3  p  region  is  caused  by  groups  [871,  872].  V.  L.  Filippov 
and  S.  0.  Mirumyants  [873]  constructed  nomograms  for  calculating 
the  spectral  transparency  of  the  atmosphere  in  the  region 
2.8  -  5.6  p  on  the  basis  of  calculated  data  for  the  absorption 
functions  in  the  narrow  regions  of  the  spectrum  given  in 
Table  3.8. 


12.  Absorption  In  Overlapping  Lines  And  Bands 

In  the  real  atmosphere  we  often  deal  with  the  absorption 
of  overlapping  lines  and  bands  of  the  same  gas  and  different 
gases.  Therefore,  when  the  absorption  coefficients  and  ab¬ 
sorption  functions  are  determined,  the  overlap  in  the  lines 
must  be  taken  into  account.  With  regard  to  the  absorption 
coefficient,  this  problem  is  solved  rather  simply  theoretically 
in  those  cases  when  all  line  parameters  are  known  which  con¬ 
tribute  to  the  radiation  absorption  with  a  given  frequency 
v.  In  this  case  the  resulting  absorption  coefficient  is  cal¬ 
culated  as  the  sum  of  the  absorption  coefficients  of  all  lines. 

Since,  at  the  present  time,  not  enough  data  is  available 
for  the intensities  and  halfwidths  of  the  absorption  lines  of 
atmospheric  gases,  it  is  not  possible  to  determine  in  most 
cases  the  monochromatic  radiation  absorption  coefficients. 

So  far  only  when  lasers  are  used,  these  quantities  can  be  de¬ 
termined  experimentally.  The  absorption  functions  for  the 
vector'  Av=v2— v,  of  a  complex  band  consisting  of  overlapping 

bands  of  n  gases  has  the  form 


vj  vi 


where  T(v)  is  the  spectral  transmission  of  the  gas  mixtures 
for  radiation  with  frequency  v,  and  T^v)  is  the  same  for  the 

i-th  gas. 
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For  the  case  which  occurs  most  frequently,  when  the  bands 
of  two  gases  overlap  in  the  atmosphere,  we  can  obtain  from 
(3.99)  the  following  expression  for  the  absorption  function 
in  the  region  Av: 


A  =  5  srj  A(v)</v  + 

Vi  VI 


a2  (v)  dv  -  j  Ai  (v)  Ai  (v)  dv, 

Vi 


(3.100) 


where'  A(v)«  A*(v)> A (v) '  is  the  spectral  radiation  absorption  with 
frequency  v  for  the  first  and  second  gas  and  their  mixture, 
respectively. 


Thus,  in  the  case  considered,  the  absorption  function  for 
the  complex  band  is  smaller  than  the  sum  of  the  absorption  func¬ 
tions  of  the  individual  gases  by  the  amount  V1 


'  A'  = 

formed  by  the  overlapping  bands  of  two  gases. 


Sv  l  A'  (v)  (v)  riv* 

VI 


Only  in  the  last  few  years  data  began  to  appear  which 
could  be  used  to  determine  the  spectral  absorption  of  atmo¬ 
spheric  gases  needed  to  calculate  the  quantity  A*.  The  first 
studies  devoted  to  determining  the  absorption  function  for 
overlapping  bands  were  experimental  studies.  Before  we  pass 
on  to  a  discussion  of  the  results  obtained  in  individual 
studies,  we  write  down  an  approximate  expression  for  the  trans¬ 
mission  of  a  mixture  consisting  of  two  gases,  which  follows 
from  formula  (3 . 99) : 


r=r,.r2, 


(3.101) 


where  Tj  and  T2  are  the  transmission  functions  for  the  first 

and  second  gas  in  the  interval  Av,  for  which  the  quantity  T 
must  be  found. 

Already  in  the  first  series  of  studies  Howard  made  an 
attempt  to  find  the  total  absorption  functions  for  a  mixture 
of  water  vapor  and  C02  in  the  2.7  p  .band  region,  using  known 

data  for  these  functions  for  HgO  and  C02  separately.  As  the 


treatments  of  the  corresponding  measurements  has  shown  the 
transmission  function  on  the  interval  Av  of  a  complex  band 
consisting  of  HgO  and  C02  lines  can  be  represented  with  suf¬ 
ficient  accuracy  for  all  practical  purposes  in  the  form  of  a 
product  of  the  transmission  functions  for  the  H20  and  C02 

bands  taken  separately. 

Hoover,  Hathaway  and  Williams  [305,  315]  studied  experi¬ 
mentally  the  spectral  transmission  of  CO,  NgO,  CH^  bands  and 

their  mixtures.  For  the  CO  and  NgO  bands  in  the  region 

2200  cm"1  and  for  the  CH^  and  NgO  bands  in  the  region  1300  cm--1 

the  limits  for  the  applicability  of  formula  (3.101)  for  de¬ 
scribing  the  absorption  functions  of  the  corresponding  gas 
mixtures  were  found.  The  experimental  data  obtained  was  com¬ 
pared  with  the  data  calculated  by  Gray  and  McClatchey  [316]. 

The  absorption  functions  were  also  calculated  in  the  last 
paper  in  the  narrow  regions  of  the  spectrum  of  the  gas  mixtures: 
C02,  N20  and  CO  in  the  region  4.2  to  4.8  |i.  The  calculations 

were  made  using  the  formulas  for  the  Elsasser  model  [272], 

Penner  and  Varanasi  [317]  calculated  the  absorption  in 
overlapping  water  vapor  and  C02  bands  in  the  regions  2.7  and 

15  li  at  a  temperature  above  800°K. 

Expressions  for  the  equivalent  width  of  two  overlapping 
lines  were  obtained  in  the  work  of  Sakai  [318,  319]  and  Plass 
[320 ].  The  method  proposed  in  [318]  was  extended  by  Sakai  to 
the  case  of  overlapping  bands  [321  ]. 

13.  Radiation  Absorptions  by  Selective  Sources 

The  exact  calculations  of  radiation  heat  transfer  in  the 
atmosphere  requires  that  the  absorption  functions  be  known 
both  for  sources  with  a  continuous  and  selective  radiation 
spectrum.  In  accordance  with  the  well-known  Kirchhoff  law  all 
gases  which  absorb  the  radiation  in.  the  visible  and  infrared 
regions  of  the  spectrum  have  corresponding  electronic, 
vibration-rotation  and  pure  rotation  radiation  spectra.  When 
the  radiation  heat  transfer  is  calculated,  both  the  radiation 
flows  from  the  sun  and  the  earth  must  be  taken  into  account, 
which  penetrate  through  the  corresponding  layers  in  the  at¬ 
mosphere  and  also  the  radiation  emitted  from  the  atmosphere 
itself.  The  last  problem  requires  that  the  selective  radiation 
absorption  laws  in  a  selectively  absorbing  medium  be  known. 
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The  second  group  of  problems  which  requires  that  the  ab¬ 
sorption  of  nonselective  sources  in  the  atmosphere  be  known  is 
^  related  to  the  development  of  rocket  technology  and  nuclear 

aviation.  The  high  temperature  of  the  propellant  sprays  causes 
high  energy  transitions  in  the  molecules  and  the  emission  of 
so-called  "hot"  bands  of  atmospheric  gases.  A  study  of  the 
spectra  of  the  propellant  rays  at  various  distances  from  these 
requires  the  knowledge  of  the  radiation  absorption  from  these 
sources. 

Depending  on  the  type  of  emitting  and  absorbing  gas  and 
the  temperature  at  which  a  particular  gas  finds  itself,  we  are 
dealing  with  one  of  the  following  possible  cases  or  a  combina¬ 
tion  of  these:  1)  the  centers  of  the  emission  and  absorption 
lines  coincide,  2)  the  centers  of  the  emission  and  absorption 
lines  are  displaced  relative  to  one  another  and  3)  the  emission 
and  absorption  lines  do  not  coincide  at  all. 

The  first  case  occurs  when  both  emission  and  absorption 
are  caused  by  the  same  gas  at  the  same  temperature.  In  the 
second  case,  the  same  gas  emits  and  absorbs;  however,  the 
emission  conditions  are  different  from  the  absorption  condi¬ 
tions.  Finally  the  third  case  can  occur  when  one  gas  emits 
and  another  gas  absorbs  or  when  a  given  gas  emits  such  bands 
which,  under  atmospheric  conditions,  do  not  manifest  themselves 
practically  in  the  absorption.  The  latter  applies  primarily 
to  the  "hottest"  absorption  bands.  The  absorption  function 
for  the  radiation  from  a  selective  source  can  be  written,  in 
%  „  the  spectral  interval  Av  ^vj  —  v,  .  in  the  following  form  [322]: 


A _  ^  (3 _  102) 

|  [I— exp(— 

Key:  a.  a 
b.  e 

where  k  and  kQ  are  the  i-th  absorption  coefficients  in  the 
ei  ai 

spectral  line  in  the  emitting  and  absorbing  gases,  u>  and  w 

©  ft 

are  the  settled  layers  of  the  emitting  and  absorbing  gases. 

To  calculate  directly  the  exact  quantitative  data  for 
the  absorption  coefficients  and  functions  of  selective  radiation 
sources,  all  elements  of  the  fine  structure  as  well  as  the 
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radiation  spectra  and  the  absorption  spectra  must  be  known. 

At  the  present  time  the  available  information  is  very  inadequate. 
There i. ore,  to  find  the  absorption  functions  we  resort  either 
to  spectral  models  or  to  an  experiment. 

Plass  [322,  323]  derived  a  series  of  expressions  for  the 
absorption  functions  for  the  radiation  from  selective  sources 
f^r  various  cases  of  overlapping  iines,  both  in  the  radiation 
source  and  in  the  absorbing  medium  (overlapping  lines,  over¬ 
lapping  lines  described  by  the  Elsasser  model,  overlapping  lines 
described  by  a  statistical  model) .  Cases  were  also  studied  in 
[322]  when  the  pressure,  temperature  and  concentration  of  the 
absorbing  gas  varied  along  the  trace  of  the  beam. 

The  numerical  calculation  given  in  [322]  has  shown  that, 
in  the  case  when  the  same  lines  participate  both  in  the 
radiation  and  absorption,  the  flare  absorption  function  is 
considerably  larger  than  that  for  a  source  with  a  continuous 
radiation  spectrum.  The  absorption  by  carbon  dioxide  from  a 
selective  source  was  calculated  in  :Ue  work  of  M.  V.  Podkladenko 
and  his  collaborators  [324,  325]. 

Burch  and  Gryvnak  [81 ]  made  an  experimental  study  of 
heated  HgO  and  CQg  radiation  absorption  by  the  same  gases  at 

a  normal  temperature.  The  COg  absorption  functions  were 

studied  experimentally  for  flares  at  a  temperature  of  2800°K 
for  different  pressures  and  emission  path  lengths  in  the 
vessel.  The  temperature  of  the  vessel  was  equal  to  24°C. 

In  the  spectral  regions  2.5  -  3.5  and  4.0  -  5.5  p  the  authors 
of  [326]  detected  relatively  high  transmission.  Thus,  in  the 
COg  layer  which  was  equivalent  in  magnitude  to  a  50  km  ab¬ 
sorbing  mass  layer  of  the  earth's  atmosphere,  the  transmission 
function  turned  out  to  be  equal  to  0.2  in  the  region  4.0  - 
5.5  p 


14.  Laser  Radiation  Absorption  in  the  Atmosphere 

The  high  monochromatism,  acute  direction,  coherence, 
the  possibility  of  obtaining  supershort  periodic  impulses 
and  giant  radiation  powers  from  lasers  creates  a  number  of 
specific  propagation  features  for  this  radiation  in  the  at¬ 
mosphere  in  comparison  with  the  radiation  emitted  from  other 
sources.  The  halfwidth  of  laser  emission  lines  is  considerably 
smaller  than  the  halfwidths  of  lines  in  the  absorption  spectra 
of  atmospheric  gases.  In  this  respect  to  estimate  quantatively 
the  radiation  absorption  from  lasers  in  the  atmosphere,  we 
must  know  with  very  high  accuracy  the  positions,  intensities 
and  forms  of  the  lines  in  the  spectra  of  the  atmospheric  gases. 
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All  quantitative  data  for  the  absorption  spectra  of  atmospheric 
gases  which  were  available  prior  to  the  appearance  of  lasers 
were  unsuitable  for  evaluating  the  radiation  absorption  from 
lasers  in  the  atmosphere  [l]. 

The  interaction  between  a  light  beam  bounded  in  space 
with  an  aerosol  leads  to  a  change  of  the  light  intensity  in 
the  propagation  direction,  due  to  the  direct  radiation  at¬ 
tenuation  according  to  the  Buger  law  and  due  to  single  and 
repeated  dissipation.  The  contribution  of  directly  attenuated 
and  dissipated  light  varies  with  the  depth  that  the  radiation 
penetrated  into  the  dissipating  medium.  It  turns  out  that  the 
light  field  in  the  medium  depends  not  only  on  its  optical 
properties  but  also  on  the  geometric  parameters  of  the  source. 

The  small  diameter  of  laser  beams  and  their  weak  divergence 
together  with  the  radiation  coherence  are  responsible  for 
the  spotty  three-dimensional  time  structure  of  the  beam 
propagated  in  the  turbulent  atmosphere. 

The  giant  radiation  power  of  lasers  is  the  reason  for 
the  formation  of  a  series  of  nonlinear  effects  which  accompany 
laser  rad  ation  in  the  atmosphere.  Among  these  effects  we 
have  primarily:  1)  the  spectroscopic  saturation  effect  (the 
dependence  of  the  absorption  coefficient  on  the  power  of  the  in¬ 
cident  and  absorbing  radiation  layer) ,  2)  multiphoton  effects 
(excitation,  ionization,  atomic  and  molecular  dissociation 
of  atmospheric  gases  which  do  not  absorb  radiation  with  a  given 
frequency  at  relatively  small  radiation  powers) ,  3)  the 
radiation  interaction  effect  on  aerosol  particles  in  the  at¬ 
mosphere  (light  pressure,  vaporization,  explosions,  etc.), 

4)  forced  combined  dissipation,  5)  self-focusing  of  the  beam. 

The  wide  use  of  las  rs  in  various  devices  designed  to 
operate  in  the  atmospl  -  -  has  great  promise  (communication, 
information  transmission,  radar,  rangefinders,  etc.)  and  re¬ 
quires  that  all  features  of  laser  radiation  propagation  in 
the  atmosphere  be  studied  intensely. 

1 .  The  General  Picture  of  the  Fine  Structure  of  the  Ab¬ 
sorption  Spectrum  In  The  Earth^s  Atmosphere  In  Regions  Of 
Laser  Radiation"  A  general  idea  about  the  fine  structure  of 
the  absorption  spectrum  in  the  earth's  atmosphere  in  the 
spectral  radiation  regions  of  the  most  widely  used  lasers  can 
be  obtained  on  the  basis  of  available  data  in  the  literature. 
Figures  3.5  -  3.15  show  the  absorption  spectra  of  the  earth's 
atmosphere  recorded  by  various  authors  with  high  resolution 
in  the  radiation  regions  of  the  most  widely  used  lasers:  the 
first  ruby  harmonic  (X  =  0.345  n) ,  the  gas  laser  based  on 
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argon  (X  =  0.5  p) ,  the  first  laser  harmonic  on  glass  with 

neodymium,  (X  =  0.53  p) ,  the  gas  laser  based  on  a  mixture  of 

helium  and  neon  (X  =  0.63  (i) ,  the  ruby  laser  (X  =  0.69  p)  , 

the  semiconductor  laser  based  on  gallium  arsenide 

(X  =  0.84  |i) ,  the  glass  laser  with  neodynium  (X  =  1.06  p) , 

the  gas  laser  based  on  a  mixture  of  helium  and  neon 

(X  =  1.15  M-) ,  the  gas  laser  based  on  a  mixture  of  helium 

and  neon  (X  =  3.39  n) ,  the  gas  laser  based  on  a  mixture  of  xenon 

and  helium  (X  =  3.51  p.)  ,  the  gas  laser  based  on  a  mixture  of  .carbon 

dioxide  and  nitrogen  (X  =  1.6  p)  . 

From  Figs.  3.5  -  3.15  one  can  clearly  see  the  exceptionally 
sharply  pronounced  absorption  selectivity  of  the  earth's  at¬ 
mosphere  in  any  laser  radiation  region. 


Fig.  3.5.  Recording  of  the  fine  structure  of  the  ab¬ 
sorption  spectrum  of  the  earth's  atmosphere 
in  the  region  X  =  0.345  H  [ 174 ] . 
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Fig.  3.6.  Recording  of  the  fine  structure  of  the  ab¬ 
sorption  spectrum  of  the  earth's  atmosphere 
in  the  region  0.5  n  [ 174 ] . 
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It  should  be  noted  that  all  diagrams  represent  a  recording 
of  the  absorption  spectrum  of  the  earth’s  atmosphere  with 
high  but  finite  resolution,  which,  smoothes  the  true  but  even 
more  pronounced  absorption  selectivity.  In  all  diagrams,  for 
example,  by  far  not  all  absorption  lines  are  resolved  as  in¬ 
dividual  lines.  It  is  easily  seen  that  if  the  laser  radiation 
wavelength  changes  for  any  reasons,  the  absorption  of  this 
radiation  in  the  atmosphere  can  also  change  correspondingly. 
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Fig.  3.7.  Recording  of  the  fine  structure  of  the  ab¬ 
sorption  spectrum  of  the  earth's  atmosphere 
in  the  region  X  -  0.63  p  [ 174 ] 


Fig.  3.8.  Recording  of  the  fine  structure  of  the  ab¬ 
sorption  spectrum  of  the  earth's  atmosphere 
in  the  region  X  ^  0.63  p  [185] 


Fig.  3.9.  Recording  of  the  fine  structure  of  the  ab¬ 
sorption  spectrum  of  the  earth's  atmosphere 
in  the  region  X  =  0.69  u  [295] 
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Fig.  3.10.  Recording  of  the  fine  structure  of  the  ab¬ 
sorption  spectrum  of  the  earth's  atmosphere 
in  the  region  X  =  0.84  u  [ 185 ] 


Fig,  3,11.  Recording  of  the  fine  structure  of  the  ab¬ 
sorption  spectrum  of  the  earth's  atmosphere 
in  the  region  X  =  1.06  p  [183] 
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Fig.  3.12.  Recording  of  the  fine  structure  of  the  ab¬ 
sorption  spectrum  of  the  earth's  atmosphere 
in  the  region  X  -  1,15  p  [183] 


Fig.  3,13.  Recording  of  the  fine  structure  of  the  ab¬ 
sorption  spectrum  of  the  earth's  atmosphere 
in  the  region  X  =  3.39  p  [181] 

Key:  a.  p 
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Fig.  3.14.  Recording  of  the  fine  structure  of  the  ab¬ 
sorption  spectrum  of  the  earth's  atmosphere 
in  the  region  X  =  3.51  p  [l8l] 

Key:  a.  cm-1 
b.  p 


Fig.  3.15.  Recording  of  fine  structure  of  the  ab¬ 
sorption  spectrum  of  the  earth's  atmosphere 
in  the  region  X  =  10.6  p  [181] 

Key:  a.  cm-1 
b.  p 


This  fact  can  be  illustrated  on  the  radiation  example  of  the 
most  widely  used  ruby  laser.  In  Fig.  3.9,  the  spectral  ab¬ 
sorption  of  the  entire  layer  of  the  atmosphere  recorded  with 
high  resolution  using  the  sun  as  the  radiation  source  is  en¬ 
tered  along  the  ordinate.  The  scale  for  the  wavelengths  in 
Angstrom  and  the  temperature  scale  T  for  which  the  correspond¬ 
ing  radiation  wavelengths  of  the  ruby  laser  are  generated  are 
entered  on  the  abscissa.  It  is  clearly  seen  from  the  figure 
that  the  ruby  laser  radiation  absorption  in  the  atmosphere  can 
vary  considerably  in  accordance  with  the  temperature  of  the 
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operating  body  of  the  generator.  It  should  be  noted  that 
there  are  no  strong  absorption  lines  in  the  radiation  region 
of  the  ruby  laser. 

The  diagrams  which  were  presented  also  make  it  easy  to 
understand  that  an  important  role  in  laser  absorption  radiation 
may  be  played  by  very  weak  lines  in  those  cases  when  the  cen¬ 
ters  of  these  lines  coincide  with  the  centers  of  the  correspond¬ 
ing  emission  lines  of  the  laser.  Therefore,  ignoring  the  ab¬ 
sorption  by  weak  lines  which  is  justified  when  the  absorption 
functions  are  calculated  in  wide  regions  of  the  spectrum  can 
never  be  applied  to  the  calculation  of  laser  radiation  absorp¬ 
tion.  Usually  when  the  absorption  functions  were  calculated 
in  relatively  wide  regions  of  the  spectrum  until  very  recently 
water  vapor,  carbon  dioxide  and  ozone  absorption  have  been 
taken  into  account.  The  radiation  absorption  in  the  entire 
vibration-rotation  bands  of  small  mixtures,  such  as  methane, 
nitrous  monoxide,  carbon  monoxide,  are  ignored.  This  ignoring 
is  more  and  more  valid  the  wider  the  regions  of  the  spectrum 
for  which  the  absorption  functions  are  determined,  since  the 
absorption  bands  of  small  mixtures  occupy  sufficiently  narrow 
regions. 

When  laser  radiation  absorption  is  calculated,  neither 
bands  nor  lines  can  be  ignored  and  the  calculations  cannot  be 
based  only  on  the  knowledge  of  their  intensities.  Above  all 
the  positions  of  the  absorption  line  centers  and  the  laser 
radiation  lines  must  be  known  with  high  accuracy. 

Table  3.9,  which  was  taken  from  the  paper  by  Lond  [295] 
contained  data  about  the  positions  of  radiation  lines  for 
67  gas  lasers  and  the  atmospheric  gas  absorption  lines 
situated  near  these,  which  were  detected  by  various  investi¬ 
gators  in  the  absorption  spectra  which  were  recorded  with  high 
resolution. 

2.  Accuracy  Requirements  for  Determining  the  Centers  of 
Absorption  Lines.  We  will  assume  that  the  centers  of  the 
laser  radiation  lines  are  known  with  very  high  accuracy  and 
that  the  halfwidths  of  the  radiation  lines  are  considerably 
smaller  than  the  halfwidths  of  the  absorption  lines.  The 
last  assumption  is  fully  justified  for  gas  lasers. 

We  will  estimate  the  accuracy  with  which  the  lines  of 
the  absorption  spectra  of  the  atmospheric  gases  must  be  de¬ 
termined  in  order  to  estimate  quantiatively  the  laser  radiation 
absorption  in  the  atmosphere,  and  we  will  follow  paper  [327], 
This  accuracy  depends  on:  1)  the  value  of  the  total  and  partial 
pressures  and  the  temperature,  or  the  altitude  at  which  the 
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TABLE  3.9 


POSITIONS  OF  RADIATION  LINES  OF  VARIOUS  GAS  LASERS, 

AND  NEIGHBORING  ABSORPTION  LINES  OF  ATMOSPHERIC  GASES  [295] 
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He-Ne 

11767 

11768,37— H»() 

He-Ne 

11985 

11984,8  —7 

He-Ne 

12066 

12067,24  ~1120 

Ne 

15231 

15230,50—  H20 

Ar 

16180 

/Hot 

Kr 

16900 

'  10900,97- HoO 

16901 ,41  —  OH. 

16901,3  ~H20 

Kr 

16935,81 

16935,1  -CHt 

16936,25- CH4 

16937, 22- H20 

Ar 

16940,59 

16940,13— H20 

Kr 

17843 

17843,37— H20 

3 

Ar 

17930 

17934,7 1-H20 

4 

Kr 

18185 

18180  -I120 

5 

Kr 

19211 

-  -H.O 

3 

Xe 

20262,28 

20260,75-002 

20263,21 -C02 

He 

20603 

20604, 57 -C02 

20615,75- HzO 

20618, 04-CO2 

Ne 

21019 

21018,45 — C02 

6 

Kr 

21105 

21165,76  -  00*30 

4 

Key: 


a.  gases 

b.  laser  radiation  wavelength  in  air,  A 

c.  nearest  absorption  lines  for  atmospheric 

gases,  A 

d.  remarks 


(continued  on  next  page) 


Key,  Table  3.9  (Cont'd) 


Column  c: 

1 .  none 

2.  none  in  earth’s  atmosphere 

3.  unidentified  line 


TABLE  3.9  (Cont'd) 


r«3t< 

/V1HHI  EaiHbl 
HjjiyMexxR 
OKI'  D  B03- 
Ay  xe  kj) 

&)H)KaAuiHe  ahhhk  norjiomeHHx 
£  »TWoc<J*pmjx  raJOB,  A 

llpHMeMa- 

,  HHB 

d 

Kr 

21902,53 

21899,5  -H..0 

4 

Xe 

2.3 19:»  ,28 

23192,89  —  H,0 

23104,44  — CH4 

Kr 

25234 

25234, 39 -H20 

3 

25414 

-  -H20 

3 

Xe 

26268,95 

-h2o 

3 

Xe 

26510,96 

-h2o 

3 

Xe 

26600,6 

-H,0 

3 

31069,14 

31053,8  -14*0 

31081,5  -il20 

2 

Ne 

33333 

33336,3  -CH4 

Xe 

33666,5 

33658.6  -CH4 

33666.6  -CH4,  H20 

33676,8  -CH4 

Ne 

33913,17 

33913,0  -CH4 

Xe 

34341 

34344.1  -CH4 

34348,7  -CHt 

34352.1  -CH4 

34357.2  -C1I4 

Xe 

35070,4 

35069,5  -? 

4 

Xe 

36209 

36205,5  -CM, 

6 

Xe 

36503 

36501,0  -HDD,  CH4 

Xe 

36788,36 

36790,1  —  CH4 

6 

Xe 

36848,56 

— 

6 

Ne 

37734 

37732,9  -CH4,  HDO 

4 

Xe 

38686 

38686,7  —  N20 

Xe 

38939,74 

38937,5  -N20 

Xe 

41516 

4 

Xe 

41516 

4 

Xe 

46096 

40096,8  -N20,  CO 

54077,1  -CO,  H20 

Ne 

54072 

7 

Xe 

55738 

-  -HnO 

3 

Cs 

71821 

71600,9  —  HoO 

71801,4  —  M2017 

Xe 

73147 

73042.3  —  HjO,  CH4 

73143,8  — CH4 

73181.3  -CH4,  H20 

Xe 

90040 

90057,6  _03 

Xe 

97003,36 

96979,1  -03 

Xe 

122990 

4 

Xe 

122630 

122564  -C02 

122731  -H20 

129134  -CO, 

182505  -H20 

4 

Xe 

129130 

6 

Ne  ■ 

182760 

5 

Key:  a.  gases 

b.  laser  radiation  wavelength  in  air,  A 

c.  nearest  absorption  lines  of  atmospheric 

gases,  A 

d. '  remarks 


(continued  next  page) 


TABLE  3.9  (Cont'd) 


CLs 

run 

AUHHrfKUtHU 

HJJtyMCHHt 
OKI  »  803- 

Ay*e  A 

d 

BiiHxiltmxe  akhxh  noiyiomemi* 
iTMocgttpxux  rust,  A 

d 

npHMna« 

HKX 

Ne 

182620 

1 82989 -H20 

Ne 

183010 

1 82989 -H20 

3 

Ne 

183970 

4 

Xe 

185010 

184771  — H20 

5 

Ne 

185910 

1 85805 -C02)  H20 

4 

Ne 

185970 

Ne 

203510 

20321 5 -H20 

5 

Q.  npHneiiHHe:  1—  noMomemie  itohdphuu  xHuiopoAOu:  2  —  uewAy  A*yu* 
CWIUIUMH  amhhxmh  H.O,  3  —  myuioc  notviomeiiHe;  4  —  nor/iomf mh«  nptKTHiecKM 
Her;  8  —  Kpu.no  ahhiiA  HjO;  8  —  cjiafiue  ahiiiih;  7  —  com<e<iKUft  CO. 


Key: 


a.  gases 

b.  laser  radiation  wavelength  in  air,  A 

c.  nearest  absorption  lines  of  atmospheric 

gases ,  A 

d .  remarks 

e.  Remarks:  1— atomic  oxygen  absorption, 

2 — between  two  strong  HgO  lines,  3 — total 

absorption,  4 — practically  no  absorption, 
5 — tail  of  HgO  lines,  6 — weak  lines, 

7 — solar  CO 


laser  radiation  is  propagated,  2)  on  the  distance  from  the 
center  of  the  absorption  line  of  the  laser  radiation  line. 

As  was  shown  in  chapter  2,  in  the  lower  20  -  30  km 
layer  of  the  atmosphere  the  center  of  the  absorption  line 
of  atmospheric  gases  is  described  satisfactorily  by  a  dis¬ 
persion  contour: 


*(v)  = 


s  V 
n  (v—  vo)M- Y1  ’ 


where  k(v)  is  the  monochromatic  absorption  coefficient  for  the 
frequency  v,  S,  y  =  y°  (Pa  +  oai,Pb),  v0'  are  the  intensity,  half- 
widths,  and  position  of  the  center  of  the  absorption  line, 
is  the .halfwidth  of  the  line  under  standard  conditions, 

Pa  is  the  pressure  of  the  nonabsorbing  gas,  P^  is  the  pressure 

of  the  absorbing  gas,  o  b  is  the  molecular  collision  efficiency 

a 
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of  the  absorbing  and  nonabsorbing  gas.  In  the  lower  30-km 
layer  of  the  atmosphere,  for  all  gases  absorbed  in  the  infrared 
region  of  the  spectrum,  the  product  o„bPb  .  can  be  ignored  in 

comparison  with  the  quantity  P  .  Consequently,  we  can  assume 

a 

tha.t  '  y  =  yuP,  where  P  is  the  total  pressure. 

Further,  taking  into  account  the  weak  dependence  of  y® 
on  the  temperature,  and  the  relatively  small  changes 

Vt)  ‘ 

in  the  temperature  with  the  altitude,  we  can  assume  with  suf¬ 
ficient  accuracy  for  all  practical  purposes  that  y®  does  not 
depend  on  the  altitude. 

Taking  into  account  the  assumptions  which  were  made,  we 
calculated  the  values  of  k(v)  for  S  =  1,  yO  =  0.03  and 
0.1  cm-1. atm"1,  P  =  1  and  0.1  atm.  The  values  of  y°  which 
were  used  in  the  calculations  correspond  to  the  minimum  and 
maximum  halfwidth  of  the  absorption  lines  of  the  fundamental- 
absorption  component  of  water  vapor  in  the  atmosphere.  The 
pressures  1.0  and  0.1  atm  correspond  to  the  altitudes  1  and 
16  km  above  sea  level. 


TABLE  3.10 


VALUES  OF  k(v)  AT  VARIOUS  DISTANCES  FROM  THE  CENTER  OF 
THE  LINE  WITH  INTENSITY  S  -  1  FOR  VARIOUS  HALFWIDTHS  OF 

THE  LINES 


A'j.dL' 

t 

H  j* 

iio*  ii 
r-i'a. 

i  n 

J* 

Ho  || 

%■  II  a. 

b'ly 

i§ 

«o'° 

l-lla. 

H 

l=k 

ii 
«  * 

©o 

*  o'  II 

1*11  a. 

4v*.  n 

CM -> 

b  lj  c. 
ill 

Ho"  || 
T-Ha. 

f (lo¬ 
ll 

II O  II 
?-lla. 

fcK 

M  3 

2! 

oo* 

Ho  || 

7*11  a. 

4 

t! 

rt  » 

©o 
llo'll 
7.11  a. 

0 

0,005 

0,01 

0,02 

0,03 

0,04 

0,05 

3,18 

3.17 

3,15 

3,06 

2,32 

2.74 

2,54 

10,6 

10,3 

9,5 

7.3 

5.3 

3.8 

2.8 

31.8 

25,4 

15.9 

6,4 

3.2 

1,9 

1.2 

106,1 

28,1 

8,8 

2,4 

1.1 

0,6 

0,4 

0,1 

0,2 

0,3 

0,4 

0,5 

1,0 

2,0 

1,59 

0,6 

0,3 

0,2 

0,1 

0,03 

0,01 

0,9 

0,2 

0,1 

0,06 

0,04 

0,01 

0,3 

0,1 

0,04 

0,02 

0,01 

0,1 

0,02 

0,01 

0,01 

Key: 


-1 

a. 

cm 

b. 

cm~l .atm”l 

c. 

atm 
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The  results  of  the  calculations  of  k(v)  which  were  made 
for  the  four  cases  mentioned  above  are  represented  in  table 
3.10. 


Table  3.11  gives  the  values  of  the  coefficient  k(v)  for 
the  four  cases  considered  but  not  for  unit  line  intensities. 
For  the  convenience  of  interpreting  the  results  of  the  cal¬ 
culations,  the  values  of  k(v)  were  taken  in  all  four  cases 
in  the  center  of  the  line  (Av  =  0)  equal  to  100. 

It  can  be  seen  from  the  tables  that  in  the  earth's  layer 
of  the  atmosphere  (P  =  1  atm)  for  the  widest  lines  (as  a  rule, 
these  are  also  the  most  intense  lines)  the  value  of  k(v)  de¬ 
creases  10  times  as  much  at  the  distance  Av  =  0.3  cm-1  from 
the  center  of  the  line,  and  for  narrow  lines  this  decrease 
occurs  already  for  Av  =  0.1  cm-1.  At  an  altitude  of  16  km 
k(v)  decreases  by  one  order  at  a  distance  of  0.03  cm“l  and 
0.01  cm~l  for  wide  and  narrow  lines, respectively,  and  for 
the  values  Av  =  0.1  cm-1  and  0.03  cm-1  for  wide  and  narrow 
lines  at  the  same  altitude  k(v)  decreases  100  times  as  much. 

Thus,  if  the  monochromatic  laser  radiation  falls  into 
the  central  part  of  the  water  vapor  absorption  lines,  to 
estimate  the  quantity  k(v) ,  one  must  know  beside  the  exact 
value  of  the  laser  radiation  frequency  the  position  of  the 
absorption  line  center  with  very  high  accuracy.  This  accuracy 
is  characterized  in  the  earth's  layer  of  the  atmosphere  by 
a  magnitude  which  is  several  hundredths  of  a  cm-1,  which  in¬ 
creases  considerably  with  the  altitude.  All  recorded  ab¬ 
sorption  spectra  of  the  earth’s  atmosphere  obtained  until  now 
(Elsasse's  spectra)  do  not  determine  the  positions  of  the 
line  centers  with  such  high  accuracy.  In  this  regard,  when 
these  atlases  are  used  even  for  a  gross  quantitative  es¬ 
timate  of  k(v)  values  in  the  central  regions  of  the  lines, 
great  caution  must  be  exercised. 

The  accuracy  requirements  for  determining  the  position 
of  the  center  of  the  absorption  line  of  the  atmospheric  gas 
are  less  stringent  the  farther  the  frequency  of  the  laser 
radiation  absorption  lies  from  the  center  of  this  line.  A 
quantitative  measure  for  these  requirements  can  be  obtained 
from  the  tables  which  were  presented. 

The  conclusions  which  were  made  hold  not  only  for  the 
water  vapor  absorption  spectrum.  They  can  also  be  applied  to 
the  absorption  spectra  of  other  atmospheric  gases,  as  long 
as  the  halfwidth  of  the  lines  in  the  latter  is  of  the  same 
order  of  magnitude. 
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TABLE  3.11 


VALUES  OF  K(v)  AT  VARIOUS  DISTANCES  FROM  THE  LINE 
CENTERS,  FOR  VARIOUS  HALFWIDTHS  REDUCED  TO  A 
SINGLE  SCALE  WITH  Av  =  0 


AV, 

v-°.i  A 

«<-*•  am  *-1, 

P  =  1  amu 

C. 

7  =  0,03  k 

CM-l-amM-l, 

P  =  1  am* £ 

7=0,1  L 
P  =  0,1  amM ^ 

f>=  0,1  amM  ( 

0 

100 

100 

100 

100 

0,005 

99,8 

97,3 

80,0 

26,5  • 

0,01 

99,1 

89,5 

50,0 

8,3 

0,02 

96,2 

69,2 

20,1 

2,3  . 

0,03 

91,7 

50,0 

10,1 

1,0 

0,04 

86,2 

36,0 

6,0 

0,6 

0,05 

80,0 

26,5 

3,8  ' 

0,4 

0,1 

50,0 

8.3 

1,0 

0,1 

0,2 

20,1 

2,2 

0,3  | 

0,02 

0,3 

10,1 

1,0 

0,1 

0,01 

0,4 

6,0 

0,6 

0,06 

0,01 

0,5 

3,8 

0,4 

0,03 

— 

1,0 

1,0 

0,1 

— 

2.0 

0,3 

1  • 

Key:  a.  cnr-J- 

b.  cm“A  atm"1 

c.  atm 


3.  Results  of  Laser  Radiation  Absorption  Studies  in 
the  Atmosphere 


1.  Theoretical  Studies 


Keeping  in  mind  the  rigorous  accuracy  requirements  for 
determining  the  position  of  the  lines  and  also  their  in¬ 
tensities  and  halfwidths,  when  the  problem  of  calculating  the 
absorption  spectra  of  atmospheric  gases  is  solved  theoretically, 
we  must  take  into  account  all  factors  which  have  an  effect  on 
the  characteristics  of  these  spectra. 

The  most  important  effects  on  all  these  characteristics 
is  the  interaction  between  the  vibration  and  rotation  molecular 
movements,  which  becomes  more  important  the  larger  the  value  of 


the  rotation  quantum  number  used  when  we  calculate  the  ab¬ 
sorption  lines.  In  fact,  it  can  be  said  that  lines  with  a 
large  rotation  quantum  number,  as  a  rule,  fall  into  practically 

all  important  spectral  intervals  between  the  absorption  bands 
(the  transparent  "windows"  of  the  atmosphere) . 

The  most  complex  vibration-rotation  spectrum  among  all 
atmospheric  gases  is  the  spectrum  of  the  fundamental  absorp¬ 
tion  component  of  the  atmosphere,  water  vapor.  Because  o£ 
this,  the  author  first  attempted  to  calculate  correctly  quan¬ 
titatively  the  positions,  intensities  and  halfwidths  of  lines 
and  the  absorption  coefficients  for  water  vapor  in  his  labora¬ 
tory  and  then  take  into  account  the  interaction  between  the 
vibration  and  rotation  molecular  movements. 

The  method  used  to  calculate  the  positions  of  the  line 
centers,  their  intensities  and  halfwidths  has  been  discussed 
in  detail  in  paragraph  5.  The  data  obtained  for  all  three 
H20  absorption  line  parameters  were  then  used  to  find  the 

monochromatic  absorption  coefficient  in  individual  narrow 
bands  of  the  water  vapor  vibration-rotation  spectrum  in  the 
radiation  regions  of  most  widely  used  lasers.  The  ca-lcula- 
tions  were  made  for  several  pairs  of  values  of  the  temperature 
and  pressure,  which  were  characteristic  for  certain  altitudes 
in  the  atmosphere.  It  was  assumed  that  the  lines  had  a  dis¬ 
persion  contour.  Thus,  for  the  monochromatic  absorption  co¬ 
efficient  the  expression 


S,(T)  Vi  (T,  P) 
n  (v— vo/)J+v?  {T,  P ) 


was  used. 

The  analysis  of  the  spectral  behavior  of  the  HgO  ab¬ 
sorption  coefficient  within  the  spectral  intervals  studied 
has  shown  an  exceptional  selectivity  of  the  magnitude  k(v) 
even  in  regions  in  which  there  were  no  strong  absorption 
lines.  Thus,  in  laser  radiation  regions  with  wavelengths 
0.84  u  (semiconductor  laser  based  on  gallium  arsenide)  and 
1.06  |i  (laser  based  on  glass  with  neodymium),  the  value  of  the 
absorption  coefficient  varies  by  several  orders  when  the 
wavelength  varies  only  by  several  inverse  cm.  The  un¬ 
availability  of  the  corresponding  experimental  data  for  the 
monochromatic  absorptions  coefficients,  unfortunately,  does 
not  make  it  possible  to  estimate  the  accuracy  of  the  calcu¬ 
lations  made. 
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The  greater  part  of  laser  radiation  is  absorbed  by  water 
vapor.  However,  in  a  number  of  cases,  laser  radiation  is  also 
found  in  part  of  the  spectra  of  other  atmospheric  gases.  For 
example,  the  radiation  absorption  from  lasers  based  on  COg  +  Ng 

(spectral  region  10.6  p)  and  He  +  Ne  (wavelength  3.39  p)  is 
caused  in  the  first  case  simultaneously  by  carbon  dioxide  and 
water  vapor  and  in  the  second  case  practically  only  by  methane. 

It  is  not  difficult  to  calculate  the  monochromatic  ab¬ 
sorption  coefficients  for  a  laser  based  on  a  mixture  of  COg 

and  nitrogen  in  the  region  of  the  10.6  p  wavelength.  We  ob¬ 
tained  the  components  of  this  coefficient  due  to  carbon  dioxide 
and  water  vapor  absorption.  In  the  centers  of  the  lines,  the 
P  branches  of  the  COg  band  with  values  of  the  rotation  quantum 

number  j  from  14  to  28) the  component  of  the  carbon  dioxide  ab¬ 
sorption  coefficient  varies  in  the  earth’s  layer  of  the  at¬ 
mosphere  from  0.12  to  0.19  km-1.  The  component  of  the  water 
vapor  absorption  coefficient  in  the  narrow  region  of  the  spec¬ 
trum  occupied  by  these  lines  caused  by  the  continuous  absorp¬ 
tion  by  distant  tails  of  strong  lines  does  not  depend  practi¬ 
cally  on  the  wavelengths.  Its  value  is  equal  to  0.08  km-1 
at  a  humidity  of  the  earth's  atmosphere  layer  equal  to 
10g/m3  [192]. 

To  calculate  theoretically  the  monochromatic  absorption 
coefficients  in  the  methane  band  region  in  most  sectors  in 
the  spectra  of  other  atmospheric  gases,  not  enough  data  is 
available  at  the  present  time  about  the  parameters  of  indi¬ 
vidual  lines. 

We  note  in  conclusion  that  in  spite  of  the  well-known 
successful  theoretical  solution  of  the  problem  of  the  mono¬ 
chromatic  absorption  coefficients  in  the  atmosphere  we  are 
still  very  far,  at  the  present  time,  from  forecasting  suf¬ 
ficiently  accurately  the  monochromatic  or  quasimonochromatic 
radiation  absorption  in  the  atmosphere,  even  if  we  know  in 
advance  with  high  accuracy  the  spectral  composition  of  this 
radiation.  Therefore,  the  absorption  characteristic  of  the 
radiation  from  various  lasers  in  the  atmosphere  will  for  the 
time  being  be  determined  on  the  basis  of  the  corresponding 
experimental  studies. 

2 .  Experimental  Studies 

A  series  of  studies  was  carried  out  in  the  author’s 
laboratory,  the  purpose  of  which  was  to  determine  experimentally 
the  absorption  of  the  radiation  from  lasers  of  various  types. 


The  results  which  were  obtained  were  published  in  articles 
[328  -  331,  782,  806,  893,  908  -  910 ]. 

The  absorption  coefficients  of  atmospheric  gases  in 
laser  radiation  regions  cannot  be  determined  experimentally 
directly  in  practice  because  of  the  insufficient  resolution 
capacity  of  the  best  spectrometer  models.  However,  when  lasers 
themselves  are  used  as  radiation  sources  during  the  measurements, 
it  is  possible  to  obtain  directly  from  the  experiment  the  co¬ 
efficients  or  the  absorption  functions  for  particular  generators. 

In  the  case  of  gas  lasers  it  is  possible  to  obtain  in  practice 
the  absorption  coefficients.  For  other  types  of  generators, 
the  absorption  function  or  the  average  absorption  coefficient 
is  obtained  directly  from  the  experiment. 

Experimental  studies  of  radiation  absorption  from  various 
lasers  are  being  studied  in  the  author's  laboratory  in  two  ways: 

1)  of  a  multipath  vacuum  cell,  2)  under  natural  conditions 
on  proving  grounds.  In  the  first  ca»e  it  is  possible  to  study 
pure  absorption,  in  the  second  case  the  absorption  is  singled 
out  from  the  total  attentuation.  However,  during  measurements 
in  the  cell  large  layers  cannot  be  obtained.  Thus,  the 
measurements  in  the  cell  and  on  the  proving  grounds  compliment 
one  another. 

When  the  measurements  were  made  with  the  cell,  absorption 
coefficients  were  obtained  for  helium-neon  laser  radiation 
with  wavelengths  1.15  and  3.39  p.  The  absorption  coefficient 
for  radiation  with  wavelengths  1.15  |J  in  the  earth's  layer 
turned  out  to  be  equal  to  0.3  mm-*,  where  mm-1  is  an  inverse  milli¬ 
meter  of  settled  water.  Since  this  radiation  is  absorbed  by 
water  vapor,  the  value  of  the  absorption  coefficients  in  in¬ 
verse  units  of  the  distance  or  in  db/km  depends  on  the  humidity. 

At  a  humidity  of  12  g/m3  in  the  earth's  layer,  the  attenuation 
coefficient  is  equal  to  16  db/km. 

Table  3.12  gives  the  transmission  values  for  the  earth's 
transparent  layer  of  the  atmosphere  for  laser  radiation  with 
wavelengths  1.15  p  with  various  humidities. 

The  absorption  coefficient  for  lager  radiation  with  wave¬ 
lengths  3.39  p  for  the  earth's  layer  turned  out  to  be  equal 
to  1.4  km"*  for  6  db/km.  This  radiation  is  absorbed  by  methane. 

It  should  be  emphasized  that  when  the  radiation  absorption  of 
heat  sources  is  calculated,  it  is  customary  to  ignore  the 
methane  absorption  because  of  its  very  small  concentration 
(a  millionth  of  the  volume) .  The  considerable  laser  radiation 
with  wavelength  3.39  4  which  was  detected  during  measurements 
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shows  that  in  this  case  it  is  not  possible  to  ignore  methane  ab- 
absorption.  The  relatively  strong  absorption  is  caused  in 
this  case  by  the  fact  that  the  centers  of  the  methane  absorp¬ 
tion  and  laser  radiation  lines  practically  coincide.  This 
fact  is  confirmed  by  the  phenomenon  of  the  brightness  of  the 
atmosphere  detected  in  our  measurements  in  the  laser  radiation 
region  with  wavelengths  3.39  p  when  the  total  pressure  of  the 
gas  mixture  rises  and  the  methane  content  remains  constant 
(Fig.  3. IS). 


TABLE  3.12 

TRANSMISSION  T  OF  THE  TRANSPARENT  ATMOSPHERE  FOR.  LASER 
RADIATION  WITH  WAVELENGTH  1.15  |i  AT  VARIOUS  VALUES 
OF  THE  ABSOLUTE  HUMIDITY  a  FOR  THE  DISTANCES 
0.1,  0.5  AND  1.0  KM  IN  THE  EARTH’S  LAYER 
OF  THE  ATMOSPHERE 


0,  KM 

1  r 

a<->  b 

—  1  MM/KM 

-PI 

—  5  MM  KM 

ii  -«  |) 
t.  1 II  MM/KM 

a-  b 

-  1 5  MM/KM 

°;i 

0,5 

1,0 

0,97 

0,86 

0,74 

0,86 

0,47 

0,22 

0,74 

0,22 

0,05 

0,64 

0,11 

0,01 

Key :  a .  km 

b .  mm/km 


Fig.  3.16.  Laser  radiation  transmission  with  wavelenth 
X  -  3.39  p  vs.  the  total  pressure  with  var¬ 
ious  constant  partial  methane  pressures  and 
geometrical  thickness  o'\  the  layer  L  -  64  m 

Key:  a.  mm  Hg 
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v  The  laser  radiation  absorption  measurements  with  various  wave- 

|  lengths  on  the  proving  grounds  were  carried  out  for  considerably 

I  thicker  layers  than  in  the  cell.  The  distances  at  which  the 

measurements  were  made  varied  from  several  hundredths  of 
(  meters  to  3.5  km  (the  maximum  length  of  the  beam  path  in 

the  cell  was  96  m). 

In  the  proving  ground  measurements,  the  radiation  sources 
used  were  lasers,  the  parameters  of  which  are  given  in  Table 
3.13. 


TABLI  3.13 

LASER  RADIATION  PARAMETERS  USED  DURING  PROVING 
GROUND  MEASUREMENTS 
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0,63 
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MHOrOMOAOBUA 

i' 

TbcpaotwuiuA  Ha 
pyOHHt 

0,69 

1  Kim 

1  Mtm 

HMny.ikCHuA 

1,5' 

rioAynpoaoAHKKOBHft 

0,84 

HMnyAkCHuA 

20* 

Ha  apccHHAe  rovs-wa 

TaepAore/tkHuA  Ha 

1,06 

0,1  turn 

HMnyakCHuA 
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10  Mtm 

20  mJL 

20  turn 
X 

TasoauA  ho  cmcch 
iyahA— iicoii 

1,15 

HenpepusHuA 

MHOrOMOAOBUA 

1' 

rasoauA  113  CMCCH 
ccamA— neon 

3,39 

HcnpcpuBiiuA 

MHOrOMOAOBUA 

r 

PjlSOBUA  Ha  CMCCH 
KAMA— XCCHOH 

3,51 

HenpcpwBHhiA 
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2' 

rasoauA  Ha  cmcch 
yrAGKHCAoro  rasa 

10,6 

1  M 

HenpepusHuA 

MHOrOMOAOBUA 

2' 
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Key: 


a.  type  of  laser 

b.  radiation  wavelength,  km 

c.  radiation  power 

d.  radiation  regime 

e.  beam  divergence 

(continued  next  page) 
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Key,  Table  3.13  (cont'd) 

Column  a. 

Gas  based  on  a  helium-neon  mixture 
Solid  body,  ruby 

Semiconductor  on  gallium  arsenide 

Solid  body  based  on  glass  with  neodyme 

Gas  based  on  helium-neon  mixture 

Gas  based  on  helium-neon  mixture 

Gas  based  on  helium  xenon  mixture 

Gas  based  on  carbon  dioxide  and  nitrogen  mixture 

Column  c. 

1.  milliwatt 

2.  kilowatt 

3 .  watt 

Column  d. 

Continuous  multimodal 

Impulse 

Impulse 

Impulse 

Continuous  multimodal 
Continuous  multimodal 
Continuous  multimodal 
Continuous  multimodal 


The  absorption  coefficient  for  laser  radiation  with  wave¬ 
lengths  1.15  m  during  measurements  on  the  proving  grounds 
turned  out  to  be  the  sane  as  during  the  measurements  in  the 
cell.  Por  laser  radiation  with  wavelength  3.39  \x  under 
natural  conditions,  the  absorption  coefficient  varied  from 
one  series  of  measurements  to  another  between  the  limits 
1.4  to  5.0  km"l.  Thus,  the  minimum  value  of  the  absorption 
coefficient  coincides  with  the  values  measured  under  laboratory 
conditions.  Further  studies  are  needed  to  explain  the  reasons 
for  the  changes  in  the  absorption  coefficient.  It  is  possible 
that  the  reason  is  related  to  the  changes  in  the  methane  con¬ 
centration  at  the  locality  where  the  measurements  were  made. 


* 

* 
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During  measurements  with  lasers  based  on  a  C02  +  Ng 

mixture  (wavelength  10.6  |i)  the  measured  attenuation  was  not 
broken  up  into  components  caused  by  molecular  absorption  and 
aerosol  scattering.  The  values  of  the  attentuation  coefficients 
which  were  obtained  lie  between  the  limits  0.12  -  4  db/km. 

This  range  within  which  the  attenutation  coefficient  varies 
is  determined  by  the  various  meteorological  conditions  under 
which  the  measurements  were  made  (mist  with  visibility  range 
Sg^2  km,  snowfall,  light  clouds). 

The  radiation  absorption  from  a  ruby  laser  varied  in  ac¬ 
cordance  with  the  temperature  of  the  operating  body.  The 
limits  within  which  the  absorption  coefficient  varies  at  a 
humidity  of  lOg/nr  were  1.1  to  4.7  db/km. 

Laser  radiation  absorption  with  wavelengths  0.63,  0.84, 

1.06  and  3.51  p  during  the  proving  ground  measurements  was 
completely  masked  by  the  measurements  errors  which  attained 
values  in  the  10  -  30%  range,  depending  on  the  meteorological 
conditions  and  the  distance. 

Edwards  and  Burch  [332]  measured  the  radiation  absorption 
from  a  gas  laser  based  on  a  helium  and  neon  mixture  with  wave¬ 
length  X,  -  3.39  p,  using  a  small  cell.  As  a  result  of  the 
measurements  they  determined  the  distance  between  the  laser 
radiation  line  centers  and  the  methane  absorption  lines  and 
the  half width  of  the  CH^  line,  which  turned  out  to  be  equal 

to  0.003  ±  0.002  cm”1  and  0.13  ±  0.04  cm-1  under  normal  con¬ 
ditions,  which  shows  that  the  centers  of  the  radiation  and 
absorption  lines  coincide  for  all  practical  purposes. 

Chu  and  Hogg  [333]  measured  the  radiation  absorption  from 
a  gas  laser  with  wavelengths  3.39  p  at  a  distance  of  2.9  km 
under  natural  conditions.  For  the  attenuation  coefficient 
they  found  the  value  5.5  ±  0.5  db/km,  which  agrees  well  with 
the  data  of  Edwards  and  Burch  [332]  and  our  measurement  data 
in  the  cell,  but  differs  from  our  measurement  results  on  the 
proving  grounds.  In  fact,  we  note  that  in  a  new  series  of 
measurements  which  we  made  we  again  obtained  absorption  co¬ 
efficients  which  were  1.5-3  times  as  large  as  in  article 
[332,  333]  and  our  measurements  in  the  cell.  The  reasons  for 
the  discrepancies  have  so  far  not  been  explained. 

Absorption  from  a  gas  helium-neon  laser  with  wavelength 
1.15  p  was  measured  by  Long  and  Lewis  [334].  The  values  of 
the  absorption  coefficient  obtained  in  article  [334]  and  in 
our  measurements  are  in  satisfactory  agreement. 
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McCubbin  and  Darone  [335],  using  a  laser  based  on  a 
CO  and  nitrogen  mixture,  measured  the  absorption  in  the  gas 

mixture  at  various  pressures  of  the  absorbing  and  extraneous 
gases  in  several  lines  in  the  CO2  10.4  |i  band.  Using  the 

measurement  results  the  intensities  of  halfwidths  of  the  lines 
were  determined.  Analogous  measurements  were  made  in  articles 
•[  «95  -  797]. 

Long  and  McCoy  [336]  measured  the  absorption  from  a  laser 
based  on  a  C02  mixture  with  nitrogen  in  a  long  cell.  The 
radiation  was'generated  on  the  line  of  the  P  branch  with  the  ro¬ 
tation  quantum  number  j  -  20.  At  a  <X>2  pressure  of  0.25  mm  Hg 

and  a  nitrogen  pressure  of  760  mm  Hg,  which  corresponds  to 
the  conditions  in  the  earth's  layer  of  atmosphere,  the  authors 
of  [336]  found  for  the  center  of  the  radiation  line  an  ab¬ 
sorption  coefficient  equal  to  0.125  db/km.  It  should  be  noted 
that  the  radiation  generated  from  a  C02  and  N2  mixture  can 

appear  in  various  lines.  For  example,  in  article  [337]  the 
positions  of  17  lines  in  the  band  (01*1)  -  (1110)  were  measured 
in  the  interval  from  897.00  to  911.33  cm"*,  which  gave  laser 
radiation.  In  the  interval  9  -  11  n  more  than  100  lines 
generated  by  C02  and  N20  molecules  were  detected  [805]. 

Taking  into  consideration  that  the  line  intensities  in  the 
C02  absorption  spectrum  vary  as  the  rotation  quantum  number 
varies,  we  should  expect  various  values  of  the  absorption  co¬ 
efficients  for  generators  in  which  the  radiation  takes  place 
in  different  lines. 

Thus,  when  we  speak  about  the  laser  radiation  absorption 
coefficient,  we  must  know  with  high  accuracy  not  only  the 
positions  of  the  atmospheric  gas  absorption  lines  but  also 
the  positions  of  the  laser  radiation  lines.  We  emphasize 
once  more  that  we  can  only  speak  meaningfully  about  laser 
radiation  absorption  when  the  halfwidth  of  the  radiation  lines 
is  much  smaller  than  the  halfwidths  of  the  absorption  lines. 

We  can  assume  that  this  condition  is  satisfied  with  sufficient 
accuracy  for  all  practical  purposes  in  the  case  of  gas  lasers. 

If  the  aforementioned  condition  is  not  satisfied,  the  Buger 
law  cannot  be  applied  to  describing  the  laser  radiation  ab¬ 
sorption.  In  this  case  we  must  determine  the  absorption  func¬ 
tion  for  selective  radiation  sources. 
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4.  Absorption  of  Visible  and  Infrared  Waves  in  the  Nonhomogeneous 
Atmosphere 

1.  Spectral  Transmission  (Absorption)  . 

Transmission  (Absorption  Function) 

The  relation  for  the  change  in  radiation  intensity  in  the 
absorbing  medium  written  in  differential  form  is  (see  Chap.  3): 

'd/v=-/v*(v)p  (/)<«,  (4.1) 


where  Iv  is  the  radiation  intensity  at  frequency  v,  k(v)  is 

the  absorption  coefficient,  p  is  the  density  of  the  absorbing 
gas,  and  dl  is  an  element  of  the  beam  path  in  the  absorbing 
medium. 

If  the  absorption  coefficient  is  a  function  of  the  points 
of  the  beam  trace,  we  say  that  the  radiation  is  propagated  in 
a  nonhomogeneous  medium.  The  reason  why  the  atmosphere  is 
nonhomogeneous  in  the  sense  mentioned  above  is  rather  obvious: 
the  halfwidths  and  intensity  of  lines  which  determine  the 
quantity  k(v)  depend  on  the  pressure  and  the  temperature,  the 
latter  (see  Chap.  1)  vary  considerably  with  the  altitude  and 
depend  on  the  geographical  coordinates  of  the  point  under  con¬ 
sideration.  Therefore,  the  absorption  coefficient  is  a  func¬ 
tion  of  the  point  of  the  trace  of  the  beam  when  it  is  propagated 
in  slanted  directions  in  the  atmosphere  or  in  the  case  of 
horizontal  propagation  when  it  is  propagated  over  a  distance 
for  which  the  curvature  of  the  earth  is  considerable. 

Integrating  equation  (4.1)  we  obtain  an  expression  for 
the  spectral  transmission 


F(v) =»  exp  ( -  j  p (I)  k (v,  /)<«) , 
**  <?> 


(4.2) 


where  IQv  is  the  radiation  intensity  at  frequency  v  at  the 

beginning  of  the  path.  The  exponent  contains  a  curvilinear 
integral  of  the  first  kind,  calculated  over  the  points  of  the 
beam  path.  Strictly  speaking,  the  integration  can  be  carried 
out  over  the  actual  trajectory  of  the  beam,  taking  into  ac¬ 
count  refraction.  However,  usually  the  refractive  phenomenon 
is  not  taken  into  account  when  spectral  transmission  is  determined. 
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The  spectral  absorption  A(v)  as  in  the  case  of  the  homogeneous 
atmosphere  is  determined  from  the  simple  relation 


A(x)==l—T  (v), 


(4.3) 


The  transmission  function  F  and  the  absorption  H  for  a 
nonhomogene ous  path  in  the  spectral  interval  i 
are  written,  by  definition,  as  follows: 


i  f 

F "  J  exP  [  ■ -  J  P  0)  k  (v,  /)  dl]  dv, 


(4.4) 


H  =  \-F. 


(4.5) 


We  recall  that  expressions (4.4)  and  (4.5)  hold  for  the 
case  when  the  spectral  radiation  density  of  the  source  is  con¬ 
stant  in  the  interval  Av.  The  function  F  is  the  ratio  of  the 
radiation  which  passes  through  a  given  nonhomogeneous  layer 
of  the  atmosphere  to  the  radiation  incident  on  the  layer  in 
a  given  spectral  interval  Av.  The  function  R  is  defined 
analogously. 

2.  Direct  Calculation  Of  Spectral  Transmission  And 
Transmission  Functions 

As  can  be  seen  from  (4.2),  to  calculate  directly  F(v) 
we  must  know  the  functions  p(l)  and  k(v,  1).  The  distribu¬ 
tion  of  the  concentration  of  the  absorbing  gases  in  the  at¬ 
mosphere  is  more  or  less  known  at  the  present  time  (see 
Chap.  1).  At  any  rate,  the  function  v  can  be  specified  at 
least  as  the  mean  vertical  statistical  profile  for  the  con¬ 
centration  of  a  particular  gas. 

The  absorption  coefficient  for  radiation  with  frequency 
v  is  the  sum  of  the  coefficients  of  the  individual  spectral 
lines  k  (v,  /)  =*  j£St\l)bt  (v,  l),  where  and  bA  are  the  total 

Intensity  and  the  contour  of  the  line.  The  sum  in  the  last 
expression  can  only  be  summed  numerically.  The  exponent  in 
(4.2)  is  now  equal  to  ^  f»(/)  S,  (/)  b,  (v,  l)dl,  i.e.,  the  terms  of 
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the  series  are  different  functions  of  the  frequency  than  in 
the  case  of  a  homogeneous  atmosphere  and  depend  on  the  form 
of  the  distribution  of  meteorological  elements.  This  means 
that  in  every  concrete  case  the  sum  under  consideration  must 
be  recalculated.  Moreover,  the  integrals  in  the  last  relation, 
as  a  rule,  are  not  expressed  in  terms  of  elementary  functions. 

If  we  assume  the  validity  of  the  dispersion  contour  for 
the  spectral  lines,  then 


*(v,  0=2 

< 


frinoi  v<ir«),  p«)i 

n  <v-vol)H-YlinO.  P(/)l  * 


(4.6) 


where  T(l)  and  P(l)  are  the  temperature  and  effective  pressure 
at  the  point  1. 

Thus,  to  calculate  directly  the  spectral  transmission 
(absorption)  in  the  nonhomogeneous  atmosphere  according  to 
formulas  (4.2)  and  (4.6),  we  must  have  the  following  data: 

1)  the  distribution  of  the  concentration  of  the  absorbing 
gases  and  the  temperature  and  the  distribution  of  the  effec¬ 
tive  pressure  along  the  path  of  the  beam,  2)  the  position  of 
the  vQi  lines  which  contribute  to  the  radiation  absorption 

at  frequency  v,  3)  the  intensities  and  halfwidths  of  these 
lines  fer  the  corresponding  values  of  the  temperature  and 
effective  pressure.  It  should  be  emphasized  that  to  cal¬ 
culate  F(v)  exactly  we  must  have  data  about  the  line  parameters 
which  must  be  determined  with  exceptionally  high  accuracy 
(see  para.  13,  Chap.  3).  This  applies,  in  particular,  to 
spectral  transmission  calculations  in  the  central  region  of 
the  lines. 

Only  recently  is  there  some  hope  that  the  spectral  trans¬ 
mission  data  can  be  obtained  by  calculating  directly  this 
quantity.  This  kind  of  calculation  has  been  carried  on  in  our 
laboratory  for  a  limited  number  of  wavelengths,  on  the  basis 
of  the  data  for  the  line  parameters  of  water  vapor,  obtained 
using  the  method  described  in  paragraph  5,  Chapter  3.  The 
problem  of  calculating  directly  the  absorption  functions  for 
the  nonhomogeneous  atmosphere  is  even  more  complex. 

To  the  difficulties  described  in  Chapter  3  of  calculating 
the  absorption  functions  which  are  related  to  evaluating  the 
integral  over  a  certain  frequency  interval,  we  must  now  add 
the  requirement  that  the  integral  in  the  exponent  must  be 
evaluated.  It  is  easily  seen  that  this  complicates  the 
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problem  considerably,  since  integration  with  respect  to  v  and 
1  cannot  be  interchanged.  With  the  exception  of  some  special 
cases  for  the  distribution  of  meteorological  elements  and  the 
absorption  spectra  which  are  not  of  particular  interest,  (4.4) 
can  only  be  evaluated  numerically.  However,  the  large  number 
of  computations  and  the  need  to  take  into  account  every  special 
case  and  the  abundance  of  parameters  make  this  approach  very 
unwieldy.  At  the  present  time  a  number  of  papers  have  been 
published  in  which  the  absorption  functions  were  obtained 
for  slanted  directions  in  the  atmosphere  on*  the  basis  of  a 
direct  calculation  which  takes  into  account  the  absorption 
in  each  line. 

Kyle,  D.  Murcray,  F.  Murcray  and  Williams  [79]  calculated 
the  absorption  functions  in  the  bands  4.3  p.  (the  interval 
2235  -  2415  cm-*) .  In  the  beginning  the .absorption  spectrum 
was  calculated  with  a  very  small  step.  In  the  spectral  region 
described,  the  calculation  was  made  for  1800  points.  Then  the 
relation  between  the  spectral  transmission  and  the  wavelengths 
which  was  obtained  was  multiplied  by  the  spectrometer  apparatus 
function,  which  was  used  in  the  measurement  [79].  The  positions 
and  the  intensities  of  the  C02  lines  were  calculated  without 
subsequently  taking  into  account  the  interaction  between  the 
vibration  and  rotation  movements  of  the  molecule.  The  half¬ 
width  was  assumed  the  same  for  all  lines  and  equal  to  0.066  cm**1 
under  standard  conditions.  The  C02  concentration  was  taken 

to  be  equal  to  0.033%  of  the  volume  at  all  altitudes.  In 
spite  of  the  approximate  character  of  the  calculation,  the  re¬ 
sults  agreed  sufficiently  well  with  the  experiment.  This  fact 
shows,  as  we  already  have  pointed  out,  that  the  accuracy  re¬ 
quirements  for  determining  the  line  parameters  when  the  ab¬ 
sorption  functions  are  calculated  are  not  as  high  as  those 
when  the  spectral  absorption  is  calculated. 

An  analogous  calculation  for  the  002  15.0  p  band  was 
made  by  Drayson  [62]  who  took  into  account  more  than  2000  lines 
in  the  wavelength  range  12  -  18  |i.  As  we  have  already  men¬ 
tioned  in  Chapter  3,  the  author  of  [62]  used  a  mixed  Loren tz- 
Doppler  line  contour  for  pressures  below  100  mb.  For  pres¬ 
sures  above  100  mb  the  dispersion  contour  was  used.  The  at¬ 
mosphere  was  broken  up  into  34  layers,  so  that  within  each 
layer  the  temperature  varied  only  by  several  degrees.  The 
calculation  was  made  for  6  zenith  angles.  The  average  data 
for  the  spectral  intervals  with  widths  5  cm-1  were  given  for 
various  layers  of  the  atmosphere. 

Calfee  and  Gates  [338]  calculated  the  completely  resolved 
water  vapor  absorption  spectrum  in  the  region  3848  -  3860  cm-*. 
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Other  gases  do  not  have  absorption  lines  in  this  region.  The 
calculation  procedure,  as  in  [62 ] ,  presupposes  that  the  at¬ 
mosphere  is  broken  up  into  layers.  For  altitudes  above  13.7  km 
(tropopause)  10  layers  were  selected.  The  data  obtained  were 
compared  with  the  corresponding  measurement  results  after  trans¬ 
formation  using  the  apparatus  function  of  the  spectrometer. 

The  comparison  of  the  calculated  and  experimental  data  enabled 
the  authors  to  determine  the  vertical  humidity  profiles  for  a 
large  number  of  cases.  The  initial  data  for  the  halfwidths 
and  intensities  of  the  absorption  lines  were  obtained  without 
subsequently  taking  into  account  the  interaction  between  the 
vibration  and  rotation  movements  of  the  HgO  molecule.  The 

position  of  the  line  centers  were  taken  from  the  experiment. 

In  all  articles  considered  [79,  62,  338],  generally 
speaking,  the  absorption  functions  were  determined  on  the  basis 
of  spectral  transmission  data  obtained  for  many  wavelengths. 

The  calculations  which  included  data  about  the  line  parameters, 
did  not  give  sufficiently  accurate  values  for  the  actual  spec¬ 
tral  transmission  for  the  corresponding  concrete  wavelengths. 
Nevertheless,  the  values  of  the  absorption  functions  obtained 
in  this  manner  can  satisfactorily  describe  the  true  absorption 
picture  in  finite  spectral  intervals.  This  is  due  to  the  fact 
that  when  the  absorption  functions  are  calculated,  it  is  not 
important  whether  the  exact  position  of  the  lines  is  known. 
However,  it  is  important  that  the  given  lines  lie  in  the  inter¬ 
val  Av  under  consideration.  In  addition  to  this  not  taking 
into  account  the  interaction  between  the  vibration  and  rota¬ 
tion  movements  of  the  molecule  is  reflected  mostly  in  the 
parameters  of  weak  lines,  which  cannot  contribute  much  to  the 
value  of  the  absorption  function. 

3.  Approximate  Calculation  Of  The  Absorption  Function  H 

The  basic  idea  of  the  approximate  methods  used  to  cal¬ 
culate  the  absorption  function  H  boils  down  to  reducing  this 
problem  to  the  problem  of  finding  the  absorption  function  for 
the  case  when  the  concentrations  of  the  absorbing  gas,  the 
pressure,  and  the  temperature  are  constant  along  the  path 
of  the  beam.  In  the  process,  usually  either  the  effective 
absorbing  mass  method  or  the  Curt is -Godson  approximation  is 
used. 

In  the  first  case  the  effective  absorbing  mass  is  selected 
in  such  a  way  that  the  relation 


H  —  A  (Po,  ©*), 


(4.7) 
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is  satisfied,  where  Pn  is  the  pressure  at  the  earth's  surface, 
uj  is  the  effective  absorbing  mass. 

Usually  the  expression 


••=W>KTd' 


(4.8) 


is  used  for  oj*  .  The  magnitude  of  the  parameter  n  is  selected. 
Sometimes  the  formula 


(4.9) 


is  used  for  uj*. 

In  formulas  (4.8),  (4.9)  p(l)  is  the  density  of  the  ab¬ 
sorbing  gas,  P(l)  and  T(l)  are  the  pressure  and  temperature 
at  the  point  1,  PQ,  Tq  are  the  pressure  and  temperature  near 

the  surface  of  the  earth. 

According  to  the  Curtis-Godson  approximation  or  the  mean- 
weighted  pressure  method,  the  absorption  function  H  is  written 
as 


H  --  A(P,  a>), 


(4.10) 


I  P(l)P(l)  dl 
— 

Umi 

a 


(4.11) 


•-  fp  (/)<//. 

h 


(4.12) 


-201- 


The  meanweighted  pressure  method  was  proposed  independently 
by  Curtis  in  1952  and  by  Godson  in  1953  [3].  Since  then  a 
rather  large  number  of  absorption  functions  of  atmospheric  gases 
have  been  calculated  for  slanted  directions  in  the  atmosphere. 
For  water  vapor  and  carbon  dioxide  absorption  bands,  the  method 
gives  fairly  good  approximate  results  not  only  for  weak  and 
strong  lines,  for  which  formulas  (4.10)  -  (4.12)  were  obtained, 
but  also  for  intermediate  values  of  the  parameter  x  [see 
formula  (3.52)].  A  discussion  of  the  applicability  of  the  mean- 
weighted  pressure  method  for  various  values  of  the  parameter  x 
has  been  given  in  our  paper  [339].  In  the  case  of  the  ozone 
9.6  |i  absorption  band  the  Curtis-Godson  approximation  does  not 
give  the  mean  values  of  x  with  sufficient  accuracy. 


Fig.  4.1.  Transmission  in  the  COg  bands  15.0,  4.3  and 

2.7  14  for  a  vertical  layer  of  the  atmosphere 
above  15,  25,  30  and  50  km  according  to  the 
data  of  Plass  [342]  (the  calculation  was  car¬ 
ried  out  averaging  over  the  spectrum  in  inter¬ 
vals  with  widths  50  cm"1). 


Key:  a.  transmission 

b,  km 

c.  cm"1 


Plass  [340 ]  obtained  a  series  of  formulas  for  calculating 
the  absorption  functions  H  from  the  well-known  data  for  the 
absorption  function  for  the  homogeneous  atmosphere.  The  author 
of  [340  ]  obtained  exact  expressions  for  the  function  H  for  the 
case  when  the  weak  and  strong  lines  were  closed,  when  the  con¬ 
centration  of  the  absorbing  gas  and  the  temperature  did  not 
vary  over  the  path  of  the  beam.  Analogous  expressions  were 
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Fig.  4.2.  Transmission  in  the  C02  bands  15.0,  4.3  and 

2.7  |i  for  layers  of  the  atmosphere  pierced  by 
a  beam  at  an  altitude  of  15  km  at  an  angle 
to  the  local  horizon  0-0°,  20°,  45°,  90° 
according  to  the  data  of  Plass  [342]  (the  cal 
culations  were  carried  out  averaging  over  the 
spectrum  in  the  intervals  with  widths 
50  cm-*) 

Key:  a.  transmission 
b.  cm”1 


obtained  for  the  case  when  the  pressure,  concentration  and 
temperatures  varied  along  the  path  of  the  beam.  In  addition 
to  this  a  procedure  was  developed  in  [340]  for  calculating 
approximately  the  function  H.  The  initial  data  for  the  ab¬ 
sorption  functions  for  the  homogeneous  atmosphere  which  are 
needed  to  determine  the  function  H  can  be  represented  in  the 
form  of  theoretical  or  empirical  relations  or  in  tabular 
form. 


In  articles  [341,  342]  Plass  carried  out,  on  the  basis  of  the 
formulas  and  tabular  data  for  the  absorption  functions  for 
the  homogeneous  atmosphere  obtained  in  [340],  extensive  calcu¬ 
lations  of  the  absorption  function  fl  in  the  narrow  regions  of 
the  spectrum  for  the  fundamental  vibration-rotation  water 
vapor  and  carbon  dioxide  bands,  taking  into  account  variations 
in  the  pressure,  the  concentration  of  the  absorbing  gas  and 
the  temperature  with  the  altitude. 

Some  of  the  results  of  calculating  the  functions  ob¬ 
tained  by  Plass  are  given  in  Figs.  4.1  -  4.5. 
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Fig.  4.3.  Transmission  in  the  HgO  band  6.3,  2.7  and 

1.87  m  for  a  vertical  layer  of  th&  atmosphere 
above  15,  25,  30  and  50  lap  according  to  the 
data  of  Plass  [342]  (the  "calculations  were 
made  averaging  over  the  spectrum  in  intervals 
with  widths  50  cm**1  for  the  humid  stratosphere 
model . 

Key:  a.  transmission 

b.  km 

c.  cm"1 


The  calculation  of  the  absorption  function  H  in  the  spec¬ 
tral  region  with  width  0.1  |i  for  water  vapor  and  carbon  dioxide 
were  carried  out  in  our  laboratory  for  a  model  of  the  atmosphere 
which  takes  into  account  the  variation  in  the  pressure,  tempera¬ 
ture  and  HgO  and  C02  concentration  with  the  altitude.  The  cal¬ 
culations  included  all  fundamental  HgO  and  <X>2  vibration-rota¬ 
tion  bands.  The  values  of  H  were  obtained  with  a  1  km  step 
for  the  lower  30-km  layer  of  the  atmosphere.  The  corresponding 
results  are  discussed  in  detail  in  the  author’s  monograph  [l]. 
The  absorption  function  of  entire  vibration-rotation  water 
vapor  bands  were  calculated  for:  6.3,  3.2,  2.7,  1.87,  1.38, 

1.1,  0.94  n,  and  for  carbon  dioxide:  15.0,  5.2,  4.8,  4.3,  2.7, 
2.0,  1.6,  1.4  n  for  various  directions  in  the  lower  8-km 
layer  of  the  atmosphere  in  our  article  [59].  References  to' 
other  work  can  be  found  in  [l]  and  [342]. 
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Fig.  4.4. 


Key: 


Fig.  4.5. 


Key: 


Transmission  in  the  H20  bands  6.3,  2.7  and  1.87  m 

for  layers  of  the  atmosphere  piercet*  by  a  beam  at 
an  altitude  of  15  km  at  an  angle  to  the  local 
horizon  6  -  0°.  20°,  45°,  19°  according  to  the 
data  of  Plass  [343]  for  the  humid  stratosphere 
with  averaging  over  the  spectrum  through  50  cm-1 

a.  transmission 

b.  car1 


Transmission  in  the  HgO  bands  6.3,  2.7  and  1.87  |i 

calculated  by  Plass  [343]  for  a  dry  and  humid  model 
of  the  stratosphere,  for  a  layer  of  the  atmosphere 
pierced  by  the  beam  propagated  in  the  horizontal 
direction  from  a  point  at  an  altitude  of  30  km: 
-  humid  stratosphere;  -  dry  stratosphere 

a.  transmission 

b.  cm"1 
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Fig.  4.4.  Transmission  in  the  HgO  bends  6.3,  2.7  end  1.87  m 

for  layers  of  the  atmosphere  piercet'  by  a  beam  at 
an  altitude  of  15  km  at  an  angle  to  the  local 
horizon  0  -  0°  20°,  45°,  19°  according  to  the 
data  of  Plass  1343]  for  the  humid  stratosphere 
with  averaging  over  the  spectrum  through  50  cm"1 

Key:  a.  transmission 
b.  cm-1 


1200  1600  2000 


Fig.  4.5.  Transmission  in  the  H20  bands  6.3,  2.7  and  1.87  \x 

calculated  by  Plass  [343]  for  a  dry  and  humid  model 
of  the  stratosphere,  for  a  layer  of  the  atmosphere 
pierced  by  the  beam  propagated  in  the  horizontal 
direction  from  a  point  at  an  altitude  of  30  km: 
-  humid  stratosphere;  -  dry  stratosphere 

Key:  a.  transmission 
b.  cm"1 
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4 .  Approximate  Methods  for  Taking  Into  Account  the  Tempera¬ 
ture  when  the  Function  H  is  Calculated  ,  j 

Often  when  the  function  H  is  calculated  its  dependence  on 
the  temperature  is  ignored,  because  the  temperature  varies  with 
altitude  within  limits  which  are  not  very  wide.  Nevertheless, 
in  many  cases  the  dependence  of  the  function  H  on  the  temperature 
must  be  taken  into  account.  Below  we  give  an  approximate  method 
for  taking  into  account  this  relationship,  which  can  be  con¬ 
veniently  applied  to  the  vibration-rotation  spectra  of  steam 
vapor  and  carbon  dioxide. 

The  dependence  of  the  function  H  on  the  temperature  is 
defined  in  terms  of  the  relation  between  the  halfwidths  and 
intensities  of  the  absorptions  lines  and  the  temperature.  The 
latter  is  expressed  approximately  by  the  following  formulas: 


(4.13) 


$«(7>Si(r,)[$->r>< 

xexpl-Et(T(l)-Tt)(kT(l)T0)-% 


(4.14) 


where  Y0i  is  the  halfwidth  i  of  the  line  under  standard  condi¬ 
tions,  P  -  P0,  T  -  Tq,  (Tq)  are  the  intensities  i  of  the  line 
at  standard  temperature,  E^  is  the  energy  of  the  lower  level 
with  which  the  transition  begins,  which  determines  the  line 

A  /ft  —  P(0 

pw  IFwfr* 


Henceforth  we  will  consider  the  quantity  Y0i  to  be  in¬ 
dependent  of  the  temperature. 

i 

The  quantity  E^  for  the  lines  of  the  vibration-rotation 
spectra  can  be  written  approximately  as 


33  £«*  +  £«r. 


(4.15) 
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where  Eiy  and  EiR  are  the  vibration  and  rotation  energy  of  the 
lower  state  i  of  the  line.  Taking  into  account  that  EiR 
(see  Chap.  2)  we  may  set 


(4.16) 


I  Within  the  limits  of  a  single  vibration-rotation  band,  the 

quantity  Eiy  is  independent  of  the  rotation  quantum  number. 

|  Moreover,  for  the  fundamental  vibration-rotation  band  of 

i  water  vapor  and  carbon  dioxide,  we  can  take  for  the  quantity 

*  Eiyfthe  energy  of  the  fundamental  vibration  state.  The  analysis 

,  of  the  fundamental  vibration-rotation  bands  of  these  gases  shows 

that  each  of  these  consists  of  lines  which  refer  to  different 
vibration  transitions.  However,  the  majority  of  such  over¬ 
lapping  transitions  have  the  lower  state  as  the  fundamental 
state,  and  most  importantly,  their  intensity  exceeds  considerably 
the  intensity  of  transitions  from  a  nonfundamental  state. 
Therefore,  when  the  absorption  functions  are  calculated  the  ro¬ 
tation  lines  of  these  transitions  can  be  ignored.  Also,  Ey 

could  be  replaced  by  the  mean  *  Z£f=2£c*T*,.  where  EyR  is  the 

vibration  energy  of  the  lower  stats.  k  of  the  transitions  (which 
foms  »  «lv8n  *“«  \  18  lta  relative  Intensity 

(Et^  -  1).  However,  estimates  have  shown  that  fiy  has  a  value 

which  is  close  to  the  energy  value  of  the  fundamental  state. 
Consequently,  we  can  write 

i 

\  Si(T)=Sl(T'>)y,  i 

;  9 ~ (7’0/7'),/* exp (—C(T—T0) (TTt)~l)t  /  (4.17) 


where  tp  is  independent  of  i,  C  is  a  certain  quantity  which 
corresponds  to  the  HgO  and  C02  spectral  lines.  We  emphasize 

that  the  approximation  considered  (the  independence  of  <p  of  i) 
does  not  hold  for  the  lines  of  the  rotation  spectrum,  since 
it  is  based  on  the  inequality  EiA>>EiR.  In  the  approximation 

which  was  described 


*v=2S,(7'0)Mv.  p), 


(4.18) 


. 4  =  /l(w',  P),  o'  =  < 


(4.19) 
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Therefore,  the  procedure  developed  in  [l,  339]  for  cal- 
culac  ;  H  proceeds  without  any  changes  after  P  has  been  re¬ 
placed  by  9  and  p'  by  pep.  The  final  result  can  now  be  written 
as  follows: 


H’aA  {m\  pj, 

m'-j  q>(0p(0^. 

x  IP(0v(0p(0<«  | 
.p--41 — HP - *  J 


(4.20) 


5.  Approximate  Determination  of  the  Spectral  Transmission  of 
The  Monhomogeneous  Atmosphere 

Formula  (4.2)  makes  it  possible  to  calculate  in  the  gen¬ 
eral  case  the  spectral  transparence  of  a  nonhomogeneous  path. 
However,  the  difficulties  which  were  described  above  force  us 
to  seek  approximate  methods. 

* 

The  meanweighted  pressure  method  can  be  extended  to  the 
case  considered,  and  we  can  find  the  final  formula  for  F(v) 
in  the  following  form: 


F  (v)  =  /*//*  «  exp  [  -  ok  (v,  P)J, 


(4.21) 


where  uu  and  P  are  determined  from  the*  relations  (4.11)  and 
(4.12). 

If  we  take  into  account  the  temperature  variation  along 
the  path  of  the  beam,  then  we  have  for  the  vibration-rotation 
spectrum 


F(v)=exp(-m'*(v,P)) 


(4.22) 


A  0 
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and  when  m'  and  ^  are  calculated  we  can  use  relations  (4.20). 

It  should  be  noted  that  now  formulas  (4.21)  and  (4.22)  are 
evidently  grosser  approximations  than  the  analogous  results  for 
the  absorption  functions. 

It  can  be  easily  shown  that  the  relations  considered  are 
asymptotically  valid  for  spectral  regions  in  which  the  ab¬ 
sorption  is  caused  by  the  tails  of  the  lines.  The  results 
(4.10)  -  (4.12)  and  (4.20)  follow  automatically  from  (4.21) 
and  (4.22),  but  this,  of  course,  does  not  mean  that  the  con¬ 
verse  proposition  is  valid. 

However,  one  can  easily  give  cases  which  are  not  covered  - 
by  the  procedure  developed,  for  example:  1)  absorption  in  the 
center  of  the  line,  2)  absorption  at  frequency  v  caused  by 
various  lines  with  different  low  vibration  energy  levels. 

At  the  present  time  no  numerical  material  is  available 
whick  can  be  used  to  determine  the  accuracy  of  the  approximate 
expressions  obtained  in  paragraphs  4,  5. 

6.  Calculation  Of  the  Absorption  Function  Taking  Into 
Account  The  Curvature  Of  The  Earth 

In  many  cases  it  is  necessary  to  have  the  absorption  func¬ 
tions  for  the  nonhomogeneous  atmosphere,  which  take  into  ac¬ 
count  the  curvature  of  the  earth.  Ve  will  consider  the  cor¬ 
responding  exact  formulas  and  also  an  approximate  method  for 
solving  this  problem.  We  will  first  write  down  several  geo¬ 
metric  relations  which  will  be  used  later. 

Suppose  that  we  are  given  the  geographic  coordinates  of 
the  radiation  and  receiving  source  and  their  altitudes  above 
the  surface  of  the  earth.  All  quantities  which  refer  to  this 
source  will  have  the  index  "1"  (point  1)  and  those  which  refer 
to  the  receiver  the  index  "2'  (point  2). 

We  introduce  a  Cartesian  coordinate  system,  the  origin 
of  which  coincides  with  the  center  of  the  earth,  the  z  axis 
is  oriented  through  the  North  Pole,  the  x  axis  through 
Greenwich,  and  the  x,y,z  axes  forma  right-handed  system.  In 
this  system  we  define  in  the  usual  manner  the  polar  coordinates 
r,  8,  cp.  The  Cartesian  and  polar  coordinates  are  related, 
as  usual, 


x  =  rsinOcos<p;  =  r  sin  Osin  <p;  z  =  r  cosO; 
r  -Vx*  ^7i’t+z*;  cosO -z/r;  0<0<n; 
sin  <p  =  (ylr)  sin  0;  cos  9  =  (x/r)  sin  0. 


(4.23) 


The  altitude  of  the  point  above  the  earth's  surface  will  be 
denoted  by  h.  It  can  be  easily  shown  that 


if  §  is  the  longitude  east  of  the  point  cp  -  §,  ) 

if  ?  is  a  given  longitude  of  the  point  cp  -  2tt—  §,  ^ 
if  t|  is  the  northern  latitude  of  the  point  0  -  •j  -r\, ) 

TT  ^ 

if  t)  is  the  southern  latitude  of  the  point  0  -  j  +ti,  ) 

r  -  R  +  h 


(4.24) 


where  R  is  the  radius  of  the  earth. 

(4.10)  -  (4.12)  imply  that  to  determine  the  function  H 
we  must  evaluate  integrals  of  the  type 


(4.25) 


where  F(l)  is  a  function  of  the  points  on  the  path  of  the  beam 
and  where  the  integration  takes  place  over  the  path  of  the  beam. 

When  the  uu  quantity  is  calculated,  the  function  F  coin¬ 
cides  with  the  distribution  for  the  concentration  of  the  ab¬ 
sorbing  gas,  and  when  P  is  calculated 


F»p(<)P(0. 


In  general  F  depends  on  the  geographical  coordinates  of 
the  point  and  its  altitude.  Now  we  can  easily  construct  the 
function  F(r,  0,  cp)  from  formula  (4.24).  We  will  assume  that  thi 
procedure  was  carried  out.  Then  r,  0,  and  cp  will  be  functions 
of  the  points  of  the  path  1.  Using  the  usual  rules  for  curvi¬ 
linear  integrals  of  the  first  kind,  we  can  obtain  the  following 
exact  formulas  which  enable  us  to  calculate  the  function  H: 


(0,  0(0.  9 (Old/. 

* 


(4.26) 


s  =  Vr\+r\  —  2rtrt  cos  fl , 


(4.27) 
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cos  $=• cos  6|  cos  6j + sin  0t  sin  0*  cos  (ft — q> ,), 


,(0-^+l*+J/'ja£5S=3)‘/‘, 
cos  q  (f)  —  >i“*»-|.'.“*r. ,  0<e<«, 


C03  Ct  -i  t 

CO|jj »  'l»«nMnf^f»»lnO,»lnft  ^ 


(4.28) 

(4.29) 

(4.30) 

(4.31) 

(4.32) 

(4.33) 

(4.34) 


cosy™ 


rtCQsOi— fiCQtOi 

i 


(4.35) 


The  evaluation  of  the  integrals  B  using  the  exact  formulas 
(4.26)  -  (4.35)  presupposes  a  great  amount  of  information  about 
the  meteorological  situation  in  various  geographic  regions. 

We  will  now  consider  an  approximate  method  which  can  be 
used  to  evaluate  the  integrals  over  the  path  of  the  beam  which 
is  adequate  for  most  practical  applications. 

Tor  definiteness  we  will  assume  that  the  radiation  detector 
lies  above  the  source,  which,  of  course,  has  no  effect  on  the 
generality  of  the  result,  since  the  integrals  under  considera¬ 
tion  are  invariant  with  respect  to  interchanged  limits  of  in¬ 
tegration. 
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We  denote  by  Xg,  y3,  Zg  the  coordinates  of  the  point  (point 

3)  which  lies  on  the  line  passing  through  the  points  at  which 
the  detector  and  source  lie,  and  which  is  at  a  minimum  distance 
from  the  origin  of  the  coordinate  system.  Then 


*«=**  + /*(*!-**), 

+/•(&-$&), 

*»“*!+<•(*!— 2»).  (4.36) 

*t  (**— *0+ifi  to— (*1— *t) 


The  formula  for  t*  can  be  also  written  in  the  form 


P 


^+d~W*«»6* 


(4.37) 


The  last  formula  implies  that  t*>0. 

Depending  on  the  value  of  t*  there  are  two  possible  cases 
for  the  position  of  the  points  1,  2  and  3. 


* 


1)  0<t*<l  point  3  lies  between  1  and  2,i 

2)  t*>  1  point  1  lies  between  2  and  3.! 


(4.38) 


f  Wewi.ll  now  use  two  facts:  1)  the  vertical  profile  of 

|  the  meteorological  characteristics  is  much  more  variable  than 

|  the  horizontal  profile,  2)  for  infrared  radiation  absorption 

I  the  most  important  part  of  the  atmosphere  is  the  part  where 

|  the  concentration  of  the  absorption  component  is  a  maximum. 

I  Keeping  in  mind  these  points,  we  can  replace  in  the  exact  formulas 

|  (4.26)  -  (4.35)  80)  and  cp(l)  by  the  coordinates  of  the  points 

of  the  path,  which  is  closest  to  the  surface  of  the  earth. 

These  will  be  the  coordinates  of  point  3,  if  the  first  variant 
in  (4.38)  holds,  and  the  coordinate  of  point  1  if  the  second  vari- 
I  ant  in  (4.38)  holda  Further,  as  (4.10)  -  (4.12)  and  the  formulas 
I  which  describe  the  HgO  and  C02  pressure  and  concentration  dis-. 

I  tributions  in  the  troposphere  imply  the  function  F  has  the  form 

I  exp (-ah),  where  a  is  a  constant.  (4.26)  is  integrated  from  the 
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point  which  lies  at  the  distance  r*  from  the  coordinate  origin 
described  above  to  the  point  which  lies  at  a  distance  r"  from 
this  origin  with  the  angle  o  subtended  by  these  two  directions. 
The  integral  defined  in  this  manner  will  be  denoted  by  B( a,  0,  h',  h"), 
where  h*  and  h"  are  the  altitudes  of  the  points  r'  and  r" 
above  the  surface  of  the  earth.  Assuming  r '  and  r"  sufficiently 
small  compared  to  B,  we  can  obtain  for  a,  h',  A*) 


B(a,  o,  /»',  A*)“ 

-  e"#v  /I  si*? et|  10  <**>  “  ° (WI- 


(4.39) 


Here  f  is  the  probability  integral  defined  by  equation 

,OW"^s  (4.40) 

l**“6+loi  ^ sin 

lctg^’  (4.41) 

co8^  — -  co>°'~r  ,  sin  i{> — K 1  — cos*  \J>. 


The  angle  o  is  easily  determined  from  the  relation 


0  =  o*— 'O',  cosa'“S+F*  coso'"i ?+a»* 


The  geometric  meaning  of  f  is  as  follows:  it  is  the  angle  be¬ 
tween  the  direction  r’  and  the  straight  line  which  connects 
the  points  r '  and  r".  Special  cases  of  equation  (4.39)  can 
be  found  in  monograph  [lj. 

As  the  material  in  chapter  1  implies,  the  quantity  a 
which  was  introduced  there,  is  different,  generally  speaking, 
for  various  altitudes,  when  we  consider  the  distribution  of  the 
concentration  of  any  absorbing  gas  with. the  altitude  in  the 
troposphere  and  stratosphere.  In  such  a  case  the  integration 
path  must  be  broken  up  into  sections  in  which  a  has  a  fixed 
value. 


7.  Experimental  Study  of  Absorption  Functions  H 

It  is  practically  impossible  to  have  under  laboratory  con¬ 
ditions  a  nonhomogeneous  atmosphere  with  continuous  variation 
in  pressure,  temperature  and  absorbing  gas  concentrations. 
Therefore,  the  absorption  functions  H  are  measured  under 
natural  conditions  using  tbo  sun  as  the  radiation  source. 


Fig.  4.6.  Transmission  in  various  layers  of  the  atmosphere 
from* various  levels  according  to  the  data  of  K.  Ya. 
Kondrat'ev,  e t  al . ,  [344]  in  the  3  -  13  p  region  (ab¬ 
sorption  in  the  band  6.3  (jt  above  20  km  the  authors 
[344]  attribute  to  the  humidity  contained  in  the  spec¬ 
trometer) 

Key:  a.  transmission 
b.  m 

C.  |i 
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At  the  present  time  a  considerable  number  of  measurements 
of  the  quantity  H  have  been  made  from  the  earth  and  from  var¬ 
ious  altitudes  with  various  spectral  resolutions  in  all  funda¬ 
mental  vibration-rotation  atmospheric  gas  rotation  bands 
(Fig.  4.6  -  4.12).  The  HgO  absorption  bands  which  were  studied 

in  greatest  detail  are:  6.3,  3.2,  2.7,  1.87,  1.38,  1.1  n; 
the  C02  bands  are  4.3,  2.7  |i  and  the  Og  band  is  9.6  |i.  The 

measurements  from  various  altitudes  are  carried  out  using 
apparatus  mounted  on  airplanes  or  balloons.  In  the  first  case 
altitudes  approximately  up  to  20  km  are  covered,  in  the  second 
case  altitudes  up  to  30  km  are  covered. 


Fig.  4.7.  Transmission  in  various  layers  of  the  atmosphere 
from  various  levels  in  the  spectral  region  1400  -  2050  cm-1 
according  to  the  data  in  article  [345] 

Curve  32:  pressure  P  ■  453  mb,  altitude  z  -  6.3  km, 
sec  6  =  2.75,  airmass  w  =  1.23,  settled  C02  layer 

u  -  2.95  atm. cm,  curve  39:  P  -  270  mb,  z  -  9.9  km, 
sec  6  -  2.42,  w  -  0.646,  u  *  155  atm. cm,  curve  78: 

P  =  23.8  mb,  z  -  25.5  km,  sec  8  -  1.517,  w  -  0.0356, 
u  -  8.54  atm. cm) 


In  studies  made  under  natural  conditions  pure  solar  radiation 
absorption  in  the  atmosphere  is  not  measured,  but  its  attenua¬ 
tion  due  to  scattering  aerosol  and  molecular  absorption.. 

To  reduce  the  minimum  effect  of  aerosol  scattering,  the 
measurements  are  made  only  on  the  clearest  cloudless  days. 


-215- 


£^vv**H^^7TTT?X7'Frc^ 


VJipKp  iij'i.f  \'*F,  *&rr 


It- 


n 


B 


With  regard  to  molecular  scattering,,  its  effect  can  be  taken 
into  account  whenever  necessary,  since  the  corresponding 
coefficients  have  been  determined  with  sufficient  accuracy  for 
a  wide  range,  of  wavelengths  (see  Chap.  6). 


Fig.  4.8.  Transmission  in  various  layers  of  the  atmosphere 
from  various  levels  in  the  spectral  region  2000  -  2150  cm**1 
according  to  the  data  in  article  [345] 

(Curve  28:  pressure  P  -  557  mb,  altitude  z  -  4.8  km, 
sec  8  -  2.97,  air  mass  w  -  1.63,  settled  COg  layer  u  -  395 

atm. cm,  Curve  39:  P  -  370  mb,  z  -  9.9  km,  sec  8  -  2.42, 
w  -  0.646,  u  -  155  atm. cm,  Curve  96:  P  *  10.3  mb,  z  - 
30.9  km  sec  6  *  1.321,  w  -  0.0135,  u  -  3.24  atm. cm). 


Key: 


a. 

b. 


transmission 

cm”1 


% 


m 


i 

i 

( 

j 

t 

i 

\ 


c 

%.  P 


-  » 

♦ 

*  i 


i 

i 


Fig.  4.9.  Transmission  in  various  layers  of  the  atmosphere 
from  various  levels  in  the  spectral  region  2150  -  2500  cm"1 
according  to  the  data  of  article  [345] 

(Curve  1:  pressure  P  -  10.3  mb,  altitude  z  -  30.9  km, 
sec  6  -  1.273,  air  mass  w  -  0.0130,  settled  C02  layer 

u  -  3.12  atm. cm,  Curve  2:  P  -  18.6  mb,  z  -  27.1  km, 
sec  6  -  1.476,  w  -  0.0272,  u  -  6.53  atm. cm,  Curve  3: 

P  -  41.5  mb,  z  -  21.9  km,  sec  0  -  1.63,  w  -  0.0668, 
u  -  16.0  atm. cm,  Curve  4:  P  -  453  mb,  z  -  6.3  km, 
sec  8  -  2.75,  w  -  1.23,  u  -  295  atm. cm,  Curve  5:  P  - 
764  mb,  z  -  2.3  km,  sec  0  -  3.45,  w  -  2.60,  u  -  624  atm. cm) 


Key:  a.  transmission 
b.  cm"1 
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Fig.  4.10  Atmospheric  transmission  at  various  altitudes  in 
the  region  1  -  3,  5(a)  and  3.5  -  5.5  (b)  n,  when  the 
position  of  the  sun  is  low  in  the  summer  period  according 
to  the  data  of  article  [804]: 
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Fig.  4.11.  Atmospheric  transmission  at  various  altitudes 
in  the  region  1  -  3.5  according  to  the  data  in  article 
[804] 
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Fig.  4.12.  Transmission  in 
the  entire  layer  of  the  at¬ 
mosphere  in  the  water  vapor 
absorption  line  region  with 
center  near  6943.8  A  for  var 
ious  air  masses  according  to 
the  measurement  data  of  Long 
[295],  carried  out  on 
Qec.  26,  1965 
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The  most  complete  data  for  the  functions  H  were  obtained 
*.‘7  the  team  of  K.  Ta.  Kondrat'ev  [253,  344,  807],  B.  S. 
iS^worent  and  E.  0.  Fedorova  [348,  808,  809,  877  ],  Hurcray  [79, 
345  -  347],  Yates  [349,  350 ],  Houghton  [351  -  353]  and 
Cumming  [354].  A  series  of  results  was  also  obtained  in 
articles  [355  -  357]. 

8.  Laser  Radiation  Absorption  in  the  Nonhomogeneous 
Atmosphere 

The  halfwidth  of  radiation  lines  of  many  lasers  is  smaller 
than  the  half width  of  the  atmospheric  gas  absorption  lines. 
Therefore,  to  evaluate  quantitatively  the  radiation  absorption 
from  lasers,  we  must  have  data  about  the  spectral  absorption 
lor  fixed  frequencies  in  certain  very  narrow  regions  of  the 
spectrum.  Such  data,  generally  speaking,  can  be  calculated 
in  those  cases,  when  the  positions  of  the  centers,  the  in¬ 
tensities  and  the  form  of  the  line  contours  which  contribute 
to  the  radiation  absorption  at  the  given  frequencies  are  known 
with  very  high  accuracy.  In  addition  to  this  such  calculation 
requires  that  data  be  available  about  the  distribution  of 
pressure,  temperature  and  the  concentration  of  the  absorbing 
gases  with  the  altitude. 

In  principle,  a  quantitative  estimate  of  the,  laser 
radiation  absorption  can  be  obtained  from  measurements  of  the 
solar  radiation  spectrum  in  the  earth's  atmosphere.  However, 
the  spectral  resolution  of  the  instruments  must  be  exceptionally 
high  in  order  to  ignore  the  distortions  in  the  spectrum  caused 
by  the  apparatus  function  of  spectrometers.  Moreover,  the 
positions  of  the  laser  absorption  and  radiation  lines  must  be 
known  with  an  accuracy  not  less  than  10-2  -  10“4cm"1,  de¬ 
pending  on  the  distance  between  the  centers  of  the  absorption 
and  radiation  lines  (see  para.  14,  Chap.  3).  Laser  radiation 
absorption  in  a  nonhomogeneous  atmosphere  can  also  be  measured 
using  a  laser  as  the  radiation  source. 

In  paragraph  5,  we  considered  the  approximate  methods 
which  we  proposed  for  calculating  spectral  absorption  in  the 
nonhomogeneous  atmosphere,  which  reduces  to  the  problem  of 
finding  the  spectral  absorption  in  the ‘homogeneous  atmosphere. 

It  is  assumed  that  the  solution  to  the  latter  problem  is  known. 

A  number  of  useful  formulas  which  can  be  used  to  evaluate 
thff*  laser,  radiation  absorption  propagated  in  slanted  directions 
in  the  atmosphere  has  been  obtained  by  Plass  [409].  In  the 
case  when  the  volume  concentration  of  the  absorbing  gas  can  be 
considered  to  be  constant  at  all  altitudes  and  when  the  relation 
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between  the  line  intensiti *s,  their  halfwidths  and  temperature 
can  be  ignored,  Plass  obtained  the  following  expression  for 
the  spectral  transmission  of  monochromatic  radiation  at  fre¬ 
quency  v  in  the  slanted  direction: 


where 


fM-flio+ayo+ttM*. 

5oi=>Voi  (v— v0i)'\ 

5»  =  Yu(v— Voi)*1, 


AJtc\*cB 
2nY8lg  ‘ 


(4.42) 


(4.43) 

(4.44) 

(4  i  45) 


Here  y^  and  Y-j^  are  the  halfwidths  i  of  the  line  at  the 

beginning  and  end  of  the  slanted  path,  c  is  the  volume  concen¬ 
tration  of  the  absorbing  gas,  P_  and  y,4  are  the  effective 

pressure  and  halfwidtb  of  the  line  under  standard  conditions, 

8  is  the  angle  between  the  radiation  propagation  direction 
and  the  vertical  line,  g  is  acceleration  due  to  gravity,  vQi, 

Si  are  the  center  and  intensity  of  the  line  i. 

The  case  when  the  temperature  and  the  concentration  of 
the  absorbing  gas  vary  along  the  path  of  the  beam  has  also 
been  considered  in  article  [409].  The  product  of  the  intensity 
of  the  line  with  the  gas  concentration  c  is  written  in  the 
form 


5c«5(c,Yr",Yw. 


(4.46) 


a 


is  obtained,  where 


d,  =  StC,Pt  sec  B/2xftg.  (4.48) 


Ss,  c8,  Ys»  Ps  are  the  values  of  S,  c,  y  and  P  under  standard 

conditions,  and  n  is  a  number  which,  generally  speaking,  is 
different  for  each  line,  depending  on  the  altitude.  For  the 
water  vapor  line  in  the  troposphere  the  value  of  m  turned  out 
to  be  approximately  equal  to  4.  In  this  case  we  obtain  from 
(4.48) 

F(v)=exp(w{|(l}-U)-(l!-K)+ 

+  ln[(l  +  5i)(l  +  «)-1]}),  <4-49> 

where 


lo=Y.  (v-v0)-‘.  (4.50) 


Finally,  Plass  studied  the  case,  when  the  center  of  the 
absorption  line  with  a  dispersion  contour  can  be  displaced  by 
the  pressure.  In  this  case  the  absorption  coefficient  has  the 
form: 

*(V)~*JT  (v— vo-M¥)*+y*  '  (4 . 51) 


where  Ay  determines  the  shift  of  the  line  center  and  depends 
on  the  pressure,  since  the  quantity  y  depends  on  the  pressure. 

Using  expression  (4.51),  we  easily  obtain  the  following 
formula  for  F(v): 


F  (v)  =  {((!  +  A®  +  $«]/[(  1  +  Al\)  + 1!)}*  <l+4‘rl  x 
X  exp  {(1  +  /!*)-» .  2<M  (tg-‘  ((1  +  A *)  h  +  A)~ 


(4.52) 


where  Vq  is  the  position  of  the  line  center  at  a  pressure  equal 
to  zero. 

Formulas  (4.51)  and  (4.52)  are  valid  for  atomic  lines, 
the  shift  in  which  in  the  visible  region  of  the  spectrum  has 
been  detected  experimentally.  For  the  quantity  A  the  value 
0.725  was  found.  In  the  vibration-rotation  atmospheric  gas 
absorption  spectra,  shifts  in  the  line  centers  caused  by  the 
effect  of  the  pressure  has  so  far  not  been  observed  by  anyone. 
The  applications  of  lasers  for  this  purpose  will  undoubtedly 
help  to  solve  this  important  problem.  If  a  shift  exists,  then 
it  must  be  taken  into  account  when  the  quantity  F(v)  is  found. 

An  experimental  atmospheric  transmission  study  with  high 
resolution  in  the  radiation  region  of  a  ruby  laser  using  the 
sun  as  the  radiation  source  was  carried. out  by  Long  [295]. 

The  spectral  absorption  curve  which  was  obtained  at  an  altitude 
of  the  sun  which  varied  from  17.4°  to  19.3°  is  given  in 
Fig.  3.9.  The  spectrum  was  recorded  in  the  region  6933  - 
6948  A  into  which  the  radiation  from  a  ruby  laser  which  operates 
at  various  temperatures  of  the  crystal  falls.  It  can  be  seen 
from  the  figure  that  the  spectral  absorption  can  vary  from 
0  to  80%  when  the  radiation  wavelength  varies  by  less  than 
1  A. 


Figure  4.12  gives  the  results  of  more  detailed  studies  of 
atmospheric  transmission  carried  out  by  Long  [295]  in  the  re¬ 
gion  of  the  water  vapor  absorption  line  with  wavelengths 
6943.8  A  into  which  the  radiation  from  a  ruby  laser  at  a  tem¬ 
perature  of  the  crystal  305  -  310°K  falls.  The  figure  gives 
the  transmission  curves  which  were  obtained  with  four  values 
of  the  air  mass:  6.46,  4.73,  2.95,  2.65,  on  December  26, 

1965.  It  can  be  seen  from  the  figure  that  the  absorption 
in  the  central  part  of  the  line  when  the  air  mass  varies  from 
2.65  to  6.46  increases  approximately  from  40%  to  80%.  We 
note  that  this  result  characterizes  atmospheric  absorption  in 
the  winter  period.  The  absorption  in  all  water  vapor  lines 
Increases  substantially  if  the  corresponding  measurements 
are  carried  out  in  the  summer  period. 


Part  2:  SCATTERING  OF  VISIBLE  AND  INFRARED  WAVES  IN  THE 
EARTH'S  ATMOSPHERE 

5.  The  Earth '8  Atmosphere  As  a  Scattering  .  Medium 

The  electromagnetic  waves  of  the  visible  and  infrared 
ranges  are  attenuated  during  propagation  in  the  earth's 
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atmosphere  due  to  absorption  by  the  gas  components  and  due  to 
scattering:  1)  on  fluctuations  in  molecular  density  (molecu¬ 

lar  scattering .) ,  2)  on  aerosol  particles  (aerosol  scattering) , 
3)  on  nonhomogeneities,  caused  by  turbulent  movement  in  the 
atmosphere . 

The  attenuation  coefficients  caused  by  radiation  scatter¬ 
ing  on  micro-  and  macroturbulent  nonhomogeneities  are 
negligibly  small  compared  to  the  molecular  and  aerosol  scatter¬ 
ing.  coefficients.  The  attentuation  of  the  visible  and  infra¬ 
red  radiation  due  to  molecular  scattering  .  in  the  atmosphere 
has  been  studied  in  sufficient  detail.  At  the  present  time 
extensive  tables  are  available  for  the  molecular  or  Rayleigh 
scattering  in  a  wide  range  of  wavelengths  in  the  ultraviolet, 
visible  and  infrared  spectral  regions.  The  Rayleight  scatter¬ 
ing  coefficients  do  practically  not  depend  on  the  time  and 
the  locality.  On  the  other  hand  the  aerosol  scattering  co¬ 
efficients  do  depend  considerably  on  the  dimensions,  the 
chemical  composition  and  aerosol  particle  concentration,  which 
are  subject  to  great  variability  in  time  and  space.  Thus, 
a  quantitative  estimate  of  the  attenuation  of  visible  and 
infrared  waves  in  the  atmosphere  due  to  aerosol  scattering 
requires  reliable  data  about  all  fundamental  characteristics 
of  atmospheric  aerosols. 

Notwithstanding  the  fact  that  the  dimensions,  concentra¬ 
tion  and  chemical  composition  of  atmospheric  aerosol  particles 
vary  within  very  wide  limits,  it  is  possible  to  single  out 
certain  characteristic  types  of  aerosols  (clouds,  nebula, 
smoke,  precipitation,  dust). 

This  chapter  studies  the  spectral  dimensions,  the  chemi¬ 
cal  composition  and  concentration  of  the  most  characteristic 
aerosol  particles  found  in  the  atmosphere. 

1.  Clouds  and  Nebulae 

1.  The  Dimension  Spectra  of  Particles,.  The  processes 
which  are  responsible  for  the  formation  of  clouds  and  nebula 
are  related  to  a  variety  of  factors  which  vary  within  wide 
limits  and  which  determine  the  rate  with  which  the  drops 
increase  (the  dependence  between  the  rate  of  growth  and  the 
concentration,  the  distribution  over  the  dimensions  and  the 
nature  of  the  condensation  nuclei,  the  temperature  and  rate 
at  which  the  air  cools,  the  turbulence  scale  and  its  intensity). 
All  this,  for  the  time  being,  did  not  enable  us  to  solve 
theoretically  the  problem  of  the  particle  distribution  func¬ 
tions  over  the  dimensions. 
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The  existing  analytical  expressions  were  derived  as 
approximate  expressions  from  the  corresponding  experimental 
histograms.  The  overwhelming  majority  of  experimental  data 
obtained  by  various  investigators  both  in  the  USSR  [358  - 
360  and  others]  and  abroad  1361,  362  and  others]  show  that 
the  distribution  function  for  cloud  and  nebula  particles  by 
the  dimensions  are  a  unimodal  asymmetric  curve  similar  to  the 
curve  depicted  in  Fig.  5.1. 

We  will  give  the  most  widely  used  approximating  expression 
for  the  distribution  function  of  the  particles  by  the  di¬ 
mensions  in  liquid  drop  clouds  and  nebula. 

Best  [363]  when  he  treated  the  experimental  data  obtained 
by  the  foreign  investigators  Dim,  Mazur,  Frish  and  Hageman 
[361]  used  the  formula 


where  F  is  the  fraction  of  liquid  water  in  the  cloud  where  a 
drop  of  water  with  a  diameter  less  than  d,  and  b  and  c  are 
parameters . 

It  turned  out  that  the  parameter  c  fluctuates  between  the 
limits  12  to  29,  the  parameter  b  between  the  limits  1.92  to 
4.90.  Rittberger  [362],  who  studied  the  distribution  of 
the  dimensions  of  300  000  drops  found  that  the  parameter  b 
fluctuates  in  fact  within  much  wider  limits,  from  0.4  to 
12.5.  Because  of  this  he  concludes  that  Best's  formula 
should  not  be  applied  to  the  physics  of  clouds. 

In  1952,  A.  Kh.  Khrgian  and  I.  I.  Mazin  [364]  used  the 
following  formula  for  the  treatment  of  a  large  number  of 
systematized  data  about  the  dimensions  of  drops  in  the  at¬ 
mosphere  collected  by  A.  M.  Borovikov  [365]: 


/  (a)  =  Ao’e'6*, 


(5.2) 


where  A  is  a  normalized  factor,  and  b  is  a  parameter. 
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In  1954  L.  M.  Levin  [366]  proposed  that  the  lognormal  lav 
be  used  which  describes  the  dimension  spectrum  of  gold  dust 
in  the  scatter  which  occurs  during  multiple  grinding  [367] 
to  describe  the  distribution  ot  cloud  drops  by  dimensions: 


/(«)  = 


1  1 
VZi  r 


i  1 


(5.3) 


where  t  -  a/r,  r  is  the  most  probable  radius,  and  t  is  the 
parameter . 


Fig.  5.1.  Typical  distribution  curve  for  the  water  par¬ 
ticles  in  clouds  and  nebula  by  dimensions 

Noting  the  complexity  of  the  analytical  expression  for 
the  lognormal  law  and  a  certain  inconvenience  in  its  use  in 
theoretical  calculation,  L.  M.  Levin  in  1958  [368]  proposed 
that  the  cloud  drop  spectrum  be  described  by  the  gamma  dis¬ 
tribution  which  in  the  notation  adopted  by  us  is  written  as: 


(5.4) 


where  r(u  +  1)  is  the  gamma  function  which  is  equal  to  n! 
when  (I  is  an  integer  and  r  and  |i  are  parameters . 

Ve  note  that  the  formula  of  A.  Kh.  Khrgian  and  I.  P. 
Mazin  is  a  special  case  of  the  gamma  distribution  when  \i  -  2. 
The  gamma  distribution,  in  turn,  is  a  special  case  of  the 
four-parameter  distribution  [369]: 
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f(a)  —  AaPt-t**. 


(5.5) 


The  expressions  for  f(a)  which  were  discussed  are  most  widely 
used,  other  formulas  can  be  found  in  [358,  370,  371]. 

The  formula  of  A.  Kh.  Khrgian  and  1.  P.  Mazin  was  used 
by  the  authors  to  describe  the  spectrum  of  the  drops  when 
large  quantities  of  statistical  data  were  treated  (660  000 
drops  were  measured  in  cloud  formations  with  layer  forms). 

The  simplicity  is  the  main  advantage  of  this  formula  over  the 
other  formulas.  A.  Kh.  Khrgian  and  I.  P.  Mazin  have  shown 
in  [372]  that  in  the  case  of  stratus  clouds  in' which  no 
precipitation  is  found,  their  formula,  Best's  formula,  and 
the  expression  for  the  lognormal  law  approximate  the  experi¬ 
mental  curves  of  the  particle  spectrum  with  an  error  of  the 
same  order  of  magnitude. 

Studying  the  applicability  of  various  expressions  for 
f(a)  which  are  used  to  approximate  the  experimental  data  ob¬ 
tained  for  the  dimensions  of  cloud  and  nebula  drops,.  L.  M. 
Levin  [358]  showed  on  the  basis  of  a  large  amount  of  statis¬ 
tical  material  collected  by  the  Elbrus  expedition,  that  the 
formula  of  A.  Kh.  Khrgian  and  I.  P.  Mazin  gives  good  results 
in  the  region  in  which  the  drops  have  dimensions  with  radius 
a>5  |i,  and  the  lognormal  law  and  the  gamma  distribution  de¬ 
scribed  satisfactorily  practially  the  entire  picture  of  the 
drop  spectrum  in  the  entire  range  of  dimensions  studied  in 
clouds  and  nebula  by  the  author.  Khuan-Mey-Yuan '  who  studied 
the  microstructure  of  powerful  cumulus  clouds  [360]  con¬ 
cluded  that  the  gamma  distribution  can  be  applied  to  describe 
the  dimension  spectrum  of  the  particles  in  these  clouds. 

2.  Quantitative  Data  For  The  Microstructure  Parameters. 
The  methods  used  to  determine  the  microstructure  parameters 
have  been  discussed  in  detail  in  special  monographs  [359, 

361,  370].  Depending  on  the  problems  which  the  investigator 
must  solve,  he  may  be  interested  in  a  particular  combination 
of  the  following  characteristics  of  the  distribution  curve 
for  the  particles  by  dimension  [358,  361]: 

1)  the  mean  arithmetic  radius  a^, 

2)  the  mean  square  radius  a„ 

*  > 

3)  the  mean  cubed  radius  a^, 
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4)  the  most  probable  or  modal  radius  r, 

5)  the  radius  of  drops  with  maximum  contribution  to  the 
geometric  section,  a^, 

6)  the  radius  of  drops  with  a  maximum  contribution  to  the 
water  volume,  a. 

<r 

7)  the  median  radius,  am, 

8)  the  minimum  and  maximum  radii  r.  and  r 

min  max' 

9)  the  particle  concentration  N  per  1  cm^ 


The  first  seven  characteristics  are  related  in  a  definite 
manner  and  analytical  expressions  for  these  were  obtained  for 
all  distribution  functions  considered  [358,  359,  364].  To 
apply  the  A.  Kh.  Khrgian  and  I.  P.  Mazin  formula  only  one  of 
the  characteristics  must  be  known.  When  the  gamma  distribution 
or  the  lognormal  law  are  used  all  characteristics  must  be  known. 
In  the  experiment  the  values  of  a^  and  r  are  determined  most 

often. 

The  most  important  studies  of  the  microstructure  of  clouds 
which  were  mainly  carried  out  by  foreign  authors  until  1957 
are  generalized  in  B.  G.  Meyson's  monograph  [361  ].  The  re¬ 
sults  of  domestic  and  foreign  studies  which  were  made  until 
1960  have  been  analyzed  in  the  monograph  of  A.  M.  Borovikov, 
etal.  [359].  An  analysis  of  the  data  for  the  numerical  values 
of  the  microstructure  parameters  of  clouds  and  nebula  given 
in  this  monograph  and  also  in  monograph  [358]  and  in  articles 
[360,  371,  373  -  384]  makes  it  possible  to  draw  a  number  of 
definite  conclusions  about  the  applicability  of  a  particular 
approximation  formula  to  the  description  of  the  dimension 
spectra  of  the  particles  and  about  the  ranges  within  which  the 
mean  values  of  individual  parameters  vary. 

1.  To  stratus  clouds  the  simple  single-parameter 
formula  of  A.  Kh.  Khrgian  and  I.  S.  Mazin  can  be  fully  applied 
which  is  easy  to  handle.  To  determine  the  spectrum  of  the 
particles  using  this  formula,  it  suffices  to  know  only  the 
mean  arithmetic  value  of  the  radius  of  the  drops  in  the  cloud. 
The  experimental  statistical  material  given  in  [359]  recom¬ 
mends  the  value  a,  -  5  n  for  St,  Sc,  Ns  and  Ac  clouds.  The 
results  of  other  studies  of  the  same  type  of  clouds  gave 
mean  values  for  A.  between  the  limits  5  to  10  |i.  On  one 
hand  this  discrepancy  can  be  explained  by  the  fact  that  in 
the  first  experiments  the  capture  coefficients  for  small 
drops  were  not  taken  into  account,  which  can  cause  the  values 
of  aj  to  shift  by  1  -  2.5  n  [359],  and  on  the  other  hand  by  the 

peculiarities  of  the  region  with  the  characteristic  values  of 
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I' 

and  values  of  n  which  are  different  from  2  which  have  an 
i  effect  [385]. 

'  2.  The  formula  of  A.  Kh.  Khrgian  and  I.  P.  Mazin 

is  not  suitable  for  approximating  narrow  spectra  of  particles. 
Generally  speaking,  in  this  case  we  can  also  use  a  single 
parameter  function  by  letting  the  parameter  in  the  gamma 
distribution  be  equal  to  the  value  which  is  most  often  en- 
‘  countered  in  such  clouds.  However,  if  the  value  of  the 

parameter  ii  is  not  fixed,  then  with  the  aid  of  the  gamma 
;  distribution  we  can  describe  with  an  accuracy  which  is  adequate 

for  all  practical  purposes  the  spectra  of  the  drops  in  any 
clouds,  at  any  stage  of  their  development  and  in  various  parts 
of  the  volume.  A  larger  value  of  |i  will  correspond  to  a 
narrower  dimension  spectrum.  Thus,  for  the  clouds  and  nebula 
in  high  mountains  L.  M.  Levin  [358]  obtained  a  value  of 
|i  in  the  range  4  to  8,  where  in  more  than  70%  of  the  cases 
|i  -  8.  V.  I.  Kazas  [378]  during  his  study  of  warm  cumulus 
clouds  obtained  in  72%  of  the  cases  a  value  of  |i  in  the  range 
|i  -  8  -  10.  Khuan-Mey-Yuan  ’  [360  ]  obtained  a  value  of  |i  for 
powerful  cumulus  clouds  which  varied  from  0.5  to  5.5,  depending 
on  the  level  above  the  cloud  base.  The  studies  of  G.  T. 
Nikandrova  [386]  also  indicate  that  the  values  of  the  parameters 
H  and  r  of  the  gamma-  distribution  vary  in  accordance  with  the 
altitude  above  the  cloud  base. 

A  S 

If  we  use  the  relation  between  the  mean  a^  and  the  most 

probable  radii  of  the  particle  r,  to  determine  the  values  of 
|i  for  the  data  about  the  microstructure  of  various  clouds 
given,  in  [361 ] ,  it  turns  out  that  it  is  equal  to  2  for 
stratus,  nimbostratus  and  cumulus  clouds  in  good  weather,  7 
for  stratocumulus  clouds,  9  for  high  cumulus  clouds  and  0.33 
for  powerful  cumulus  and  cumulonimbus  clouds.  Thus,  if  we 
take  into  account  all  the  information  considered  we  may  con¬ 
clude  that  the  parameter  \i  varies  within  very  wide  limits  from 
0.33  to  10.  If  we  add  together  all  the  data  about  the  most 
probable  radius,  its  value  varies  approximately  from  3  to  10  p 
for  all  clouds.  We  note  that  here  we  talk  about  the  variation 
of  mean  characteristics.  For  individual  clouds  and,  in  particu¬ 
lar,  for  individual  local  sectors  and  in  different  develop¬ 
ment  phases  of  the  same  cloud,  these  variations  are  consider¬ 
ably  wider  because  of  the  inevitable  fluctuations  in  the 
*  microstructure  characteristics  o*  clouds  [358,  360 ]. 

3.  As  in  the  case  of  clouds  the  overwhelming  majority 
of  the  results  of  nebula  microstructure  studies  show  that 
their  dimension  spectra  are  approximated  by  the  gamma  distribu¬ 
tion.  The  value  of  the  mean  most  probable  radius  may  vary 
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approximately  in  the  range  from  2  to  10  n.  With  regard  to  the 
value  of  |i,  so  far  not  enough  data  is  available  for  its  es¬ 
timate  with  any  confidence. 

All  the  data  about  the  microstructure  of  the  clouds  which 
we  considered  are  characterized  by  unimodal  distribution 
curves.  It  should  be  noted  that. sometimes  bimodal  distribution 
curves  are  observed  (see,  for  example  [382,  387,  388]). 

3.  Water  Content  of  Clouds  and  Nebula.  To  fully  charac¬ 
terize  the  microstructure  of  a  cloud  or  nebula,  in  addition  to 
the  distribution  function  of  particles  by  dimension  we  must 
also  know  the  particle  concentration  N  per  unit  volume.  The 
latter  may  be  obtained  if  the  function  f(a)  and  water  content  q» 
are  known  where  by  q  is  meant  the  amount  of  liquid  water  con¬ 
tained  in  the  drops  per  unit  volume,  which  is  usually  ex¬ 
pressed  in  grams  per  cubic  meter.  Because  of  the  great  im¬ 
portance  of  this  characteristic  and  the  relatively  simple 
method  by  which  it  is  determined,  the  measurements  of  this 
quantity  are  carried  out  in  the  USSR  not  only  by  individual 
investigators  but  also  by  a  network  of  aerological  probing 
stations.  The  methods  used  to  measure  the  water  content  are 
studied  in  detail  in  [359,  361,  370]. 

Table  5.1  gives  a  summary  of  the  water  content  for  various 
clouds  and  nebula  obtained  by  different  authors.  The  same 
table  gives  the  mean  water  content  characteristics  toy  various 
clouds  and  nebula,  which  can  differ  substantially  from  the  water 
content  values  at  various  levels  and  at  various  stages  of 
development  for  the  same  cloud.  In  addition  to  this  a  rela¬ 
tion  between  the  mean  water  content  of  clouds  and  the  temperature 
holds.  It  is  precisely  this  relationship  which  is  responsible 
for  the  scatter  of  the  mean  water  content  values  given  in  Table  5.1/ 
according  to  the  data  in  [359].  On  the  other  hand  when  clouds 
of  the  same  type  are  formed  and  develop  under  different  condi¬ 
tions,  their  water  content  can  differ  considerably  at  the  same 
temperature  [376]. 

It  can  be  seen  from  Table  5.1  that  the  mean  water  content  values 
for  clouds  of  various  forms  with  the  exception  of  powerful 
cumulus  clouds  fluctuate  within  limits  which  are  not  very  wide: 

0.1  -  0.3  g/m3.  The  maximum  water  content  values  can  reach  . 

3-4  g/m3  and  even  43  g/m3.  However,  in  St,  Sc,  Ac,  Ns,  As 
clouds  such  water  contents  occur  very  rearly.  In  this  connection 
we  will  discuss  the  water  content  repeatability  in  clouds  of  various 
forms  at  different  temperatures. 

V.  E.  Minervin  who  processed  about  5000  airplane  measure¬ 
ments  constructed  the  repeatability  curve  for  the  average 
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TABLE  5.1 

HUMIDITY  OF  VARIOUS  CLOUDS  AND  NEBULA 
ACCORDING  TO  THE  DATA  OF  DIFFERENT  INVESTIGATORS 


Macao  d{ 

Mswepeaal  mhh»- 
MUMMI 


BOAKOCTk  t/M*  t> 
CpOAMM 


MIKA* 

tUkHM 


Piloa 

MatpMM* 


Sc,  St,  Ac 
Sc,  St,  Ac 
Sc,  St,  Ac 
St,  Sc,  Ac 

Ns,  As 
Ns,  As 
Ns,  As 
Ns  As 

PaiJIOTHUe  $OpMU 

Cu,  Cb,  Ac 
Sc,  St,  Ac 
Ac-As 
St,  Sc 
Ac,  Ac— As 
Cu,  Cb 
Cu  cong 
Sc 
Cu 
Sc 


1 2157 

327  •• 
246** 
324  •• 
.  102 
*74  nMera 
>1000 
CeTeiue 
JUHHUC 


0,17  *(0,08-0,23) 
0,27  *(0,08-0,38) 
0,23*(0,ll— 0,28) 
0,21  *(0,09-0,33) 

0,22  *(0,07-0,23) 
0,31  *(0,14-0,35) 
0,23  *(0,09-0,28) 
0,22  *(0,145-0,356) 

0,11  *(0,005-0, 161) 


A.  M.  BopoBHKoa  1359)  Pht* 


1,7*** 

10,30 

I  1,2(0,47-1,91) 
0, 17-0,32 


0,9 

0,5 

1,8 

4,1  **• 

1,30 


JI.  T.  Motbwb  h 
B.  C.  KomopHH  (359) 
rierniT  I359J 
To  *e 


Mjihck 
Buynov 
Bee  nyrnoW 
KAO 
Pur* 

Mhhck 
BnyKoso 
Bee  nyHKTU 
UAO 

JleHHHrpaa 

Kahaa* 


JIbioKC  [359)  CUIA 

To  *e  » 

*  »  > 

B.  A.  3aftue*  [3591  CCCP 

Kflafiti  yo.iKep  [361)  CUJA 

Xy«H-MeA-10aHk  13601  CCCP 
B.  E.  MHHepsMH  (389]  > 


Key:  a.  Cloud 

b.  Number  of  Measurements 

c.  Water  content  g/m^ 

d.  Minimum 

e .  Mean 

f .  Maximum 

g.  Author 

h.  Region  where  measurements  were  made 
Column  a. 

1.  Different  forms 
Column  b. 

1.  74  flights  >  1000 

Network  data 


Column 


A.  M.  Borovikov  [359] 


(continued  next  page) 
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Key,  Table  5.1  (Cont'd) 


Column  g.  (cont  * d) 

Same  author 

ft  ft 

«f  ff 

ft  ft 

ff  ft 

ft  ff 

ft  ft 

L.  T.  Matveev  and  V.  S.  Kozharin  [359] 
Peptit  [359] 

Same  author 
Levis  [359] 

Same  author 

ft  ff 


V.  A.  Zaytsev  [359] 
Klein  Yolker  [361] 
Khuan-Mey-Yuan '  [360 ] 
V.  S.  Minervin  [389] 


Column  h. 

Riga 

Minsk 

Vnukovo 

All  points  of  the  Central  Aerological  Observatory 

Leningrad 

Canada 

it 

USA 

ii 

11 

USSR 

USA 

USSR 

•1 


TABLE  5.1  continued  on  next  page 
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TABLE  5.1  (Cont'd) 


Qs 

OArmo 


As-Nt 

St 

Se 

Cu 


1  Tynan 
1  Tynan 


ICereaue 

JUHHUe 

}  2137 


21  nomr 


VTyMRH  3HMHRft 

3T)m*h  omancnat 

|TyMtH 


BOANOCTk  I/M* 

Z, 

umm~J 

e 

■axca^*' 

MMMM 

CptAMMM 

MMMM 

0,03 

0,18-0,35 

0,6 

0,154 

0,77 

0,10 

0,58 

0,12 

0,67 

0,06 

0,14 

0,20 

7-12 

43 

0,1 

0,22 

0,4 

io-« 

4.2.10-* 

io-» 

0,10-0,30 

0,60 

B.  E.  MiHepiRH  1389]  CCCP 

A.  H.  Bocnpecencicntt  Annan 

1376]  a 

H.  M.  Aoanm  1378]  » 

B.  H.  Kaaac  (378]  CCCP 
UlyMaxep  (390]  3anajwaa 

pona 

_ a.  lAKtt  • 


Paaipopa  (361) 

Kj^nia  a  Kaaocara  Amman 

OttaTa  (383] 

Bnnep  a  ap-  (380] 

A.  n.  Jlepran  (313]  Apaian 


1  *  n*Nnim  ptcciNTum  hr  ocnomrnr  npNMAcimux  a  [SS8J  puyAkiiroi  xiMtptxai  cptxrix  maroctM  oOnMtoa  np*  paa 
MMntparypax.  B  ckoOksx  yxaiiHu  nptAMM  MutHettNA  cpcjutxx  ataxm.  r 

>  *•  PoyakTaru  nim<pcnnR  a  neptoxaiwAtwiux  oOa-ixax. 
y  ***  AaNNtM  oTHocRTca  K  R»M6an«  nAOTMuM  iicnx  Monutux  Kyxtaux  oAaaxoa. 


Cloud 

Number  of  Measurements 

Water  content  g/m3 

Minimum 

Mean 

Maximum 

Author 

Region  where  measurements  were  made 


Column  a. 


1 .  Nebula 

2.  Winter  nebula 

3 .  Ocean  nebula 

Column  b. 

1 .  Network  data 

2.  22  flights 
21  flights 


(continued  next  page) 
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Key,  Table  5.1  (Cont'd) 


Colimn  g. 

V.  E.  Minervin  [389] 

A.  I.  Voskresenskiy  [376] 

I.  M.  Dolgin  [375] 

V.  I.  Kazas  [378] 

Schimacher  [390] 

Radford  [361 ] 

Kuroiva  and  Kinosita  [361] 

Okita  [383] 

Wiener,  etal.  [380] 

A.  L.  DergacE  [313] 

Column  h. 

USSR 

Arctic 

II 

It 

USSR 

Western  Europe 
Japan 

M 

Arctic 

Footnotes 

1.  The  data  was  calculated  on  the  basis  of  the  measurement 

results  given  in  [359]  for  the  mean  water  content  of 
clouds  at  various  temperatures.  The  parentheses  in¬ 
dicate  the  ranges  within  which  the  mean  values  vary. 

2.  Measurement  results  in  uncooled  clouds. 

3.  The  data  referred  to  the  densest  parts  of  powerful 

cumulus  clouds. 


water  content  in  internal  masses  and  front  clouds  at  various  tem¬ 
peratures.  As  an  analysis  of  the  curves  shows  the  repeatability 
maxima  for  the  average  water  content  of  clouds  considered  at 
temperatures  from  -25  to  +15°C  lie  between  the  limits 
0.1  -  0.3  g/m3.  The  repeatability  of  clouds  with  an  average  water 
content  of  1.0  g/m3  is  practically  equal  to  zero.  Analogous 
data  were  obtained  by  Pettite  in  Canada  and  Lewis  in  the  USA 
[359]. 

In  the  greater  part  of  the  work  devoted  to  the  experimen¬ 
tal  study  of  the  dimension  spectra  of  cloud  and  nebula  particles 
not  much  attention  was  given  to  obtaining  data  about  the 
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concentration  of  large  particles  in  spite  of  the  fact  that 
their  contribution  to  the  humidity  of  the  clouds  can  be  very 
large. 

Certain  data  about  the  concentration  of  large  particles 
in  the  clouds  were  obtained  in  the  work  of  A.  M.  Borovikov, 

I.  P.  Mazin,  A.  N.  Nevzorov  [392,  393]  and  Okito  [394].  It 
turned  out  that  the  concentration  of  large  particles  (during 
the  measurement,  particles  with  radius  larger  than  75,  85, 

130  ,  200  ,  300  ,  400  ,  500  ,  650  ,  800  H  were  selected)  depends 
to  a  considerable  degree  on  the  form  of  the  cloud  and  varies 
substantially  within  a  single  cloud.  The  distribution  of 
large  particles  by  dimensions  is  described  in  some  cases  by 
the  exponential  law  and  in  other  cases  by  an  inverse  power 
law.  Often  for  many  kilometers  not  a  single  large  particle 
is  encountered. 

4.  Mean  Values  of  the  Micros tructure  Parameters  and  the  Water 
Content  in  Clouds  and  Nebula.  As  we  mentioned  the  mean 
dimension  spectra  of  clouds  of  various  forms  and  nebula  are 
approximated  satisfactorily  by  the  gamiqa  distribution  where 

the  values  of  the  parameter  |i  lie  in  the  range  1  to  10  |i  and 
the  values  of  the  parameter  r  in  the  range  3  to  10  |i.  The  water 
content  values  q  vary  approximately  from  10-2  to  43  g/m3. 

When  the  attenuation  coefficients  are  calculated  for  real 
clouds  and  nebula  of  various  forms  and  development  stages, 
these  ranges  in  which  the  parameters  n,  r  and  q  vary  much 
eventually  overlap.  When  the  data  obtained  from  such  calcu¬ 
lations  are  used  in  practice,  it  is  very  important  that  the 
mean,  cr  most  probable^  values  of  these  parameters  be  known 
(Table  5.2). 

5.  Chemical  Composition  of  Particles  in  Clouds  and 
Nebula.  Men  the  aersol  attenuation  coefficients  are  calcu¬ 
lated  for  clouds  and  nebula,  it  is  usually  assumed  that  the 
particles  consist  only  of  clear  water.  This  approximation 
is  justified  in  the  vast  majority  of  cases  since  the  con¬ 
centration  of  admixtures  in  cloud  and  nebula  drops  is  very 
low.  To  illustrate  this  quantitatively,  we  can  use  the 
study  of  0.  P.  Petranchuk  and  B.  M,  Drozdova  [395],  which 
give  the  measurement  results  for  the  concentration  of  ad¬ 
mixtures  found  in  drops  of  clouds  and  in  precipitation  in 
certain  ETS  (European  Territory  of  the  Soviet  Union)  regions. 

It  turned  out  that  the  total  ion  content  of  SO^* ,  Cl’,  HCOj, 

NOg,  NH^,  NA,  K* ,  Mg* * ,  Ca**  in  the  water  in  the  clouds  in 

the  Leningrad  region,  the  Northern  European  Territory  of  the 
Soviet  Union,  the  Southwestern  European  Territory  of  the 
Soviet  Union  (the  Kiev  neighborhood)  is  on  the  average 
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TABLE  5.2 


THE  MOST  PROBABLE  VALUES  OF  THE  PARAMETERS  r  AND 
IN  THE  GAMMA  DISTRIBUTION,  AND  THE  H&TER  CONTENT 


IN  VARIOUS  CONDENSED  CLOUDS  AND  NEBULA 


Key:  a.  Type  of  cloud 

b.  r,  |i 

c.  u  - 

d.  q,  g/wr 

Column  a. 

Powerful  cumulus  Cu  cong 
Cumulus  Cu 
Cumulo-nimbus  Cb 
Strato-cumulus  Sc 
Stratus  St 
Nimbo-stratus  Ns 
Alto-stratus  As 
Alto-cumulus  Ac 
Radiational  nebula 
Advective  nebula 


11.0,  13.0  and  15.1  mg/1,  respectively.  In  precipitation  this 
content  in  the  same  regions  is  equal  to  13.7,  14.6  and  37.1  mg/1. 
The  authors  of  [395]  detected  the  strong  effect  of  cities  on 
the  content  of  the  mixtures  in  water  in  clouds  and  precipita¬ 
tion.  Thus,  for  example,  during  one  flight  which  was  made  above 
Dneproptrovsk,  the  total  co'rs  itration  of  admixtures  in  the 
water  in  the  clouds  was  equal  ^o  300  mg/1,  above  Odessa  about 
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120  mg/1,  and  between  these  cities  it  was  approximately 
10  mg/1.  In  polluted  precipitation  copper,  iron,  berry lium, 
vanadium,  chromium,  molybdium,  manganese,  aluminum,  zinc, 
nickle,  silicon  in  concentration  higher  than  2.10-3  mg/1 
were  detected. 

However,  even  in  the  most  polluted  regions  and  pre¬ 
cipitation  the  concentration  of  the  admixtures  does  not  exceed 
1%-.  Taking  into  consideration  the  fact  that  the  complex 
refractive  indices  of  the  water  solution  in  which  the  admixtures 
were  discovered  with  this  concentration  does  practically  not 
differ  from  die  values  of  the  complex  refractive  index  of  clear 
water,  we  can  assume  that  the  admixtures  in  the  water  in  the 
clouds  have  hardly  any  effect  on  their  attenuation  coefficients. 

2.  Mists 


By  a  mist  usually  is  meant  the  most  often  encountered 
state  when  the  atmosphere  is  clouded  by  particles  with  relatively 
small  dimensions  when  SM>  1  or  2  km.  The  particles  can  be 
solid,  liquid,  soaked  or  not  soaked.  Solid  particles  can 
have  various  forms,  liquid  particles  have  the  form  of  a 
sphere.  The  particles  which  occur  most  frequently  are  par¬ 
ticles  with  a  solid  nucleus  and  a  watery  shell.  The  form  of 
such  two-layer  particles  depends  on  the  relation  between  the 
dimensions  of  the  nuclei  and  shells. 


The  available  methods  used  in  experimental  investigations 
so  far  cannot  provide  an  exact  answer  to  the  question  of  the 
form  of  mist  particles.  The  available  data  about  the  dimen¬ 
sions  of  the  particles  can  also  not  claim  great  accuracy. 

The  dimensions  of  aerosol  particles  depend  considerably  on 
condensation  processes,  on  sublimation  and  evaporation  of  the 
moisture  in  the  atmosphere.  We  will  give  the  available  ex¬ 
perimental  data  about  the  microstructure  characteristics  of 
mist,  for  which  the  remarks  which  were  made  above  must  be 
kept  in  mind  when  these  are  used. 

1.  Dimension  Spectra  of  Mist  Particles.  C.  Jung  [396, 

894]  classifies  aerosol  particles  by  dimension  into  three 
parts:  1)  the  "Aitken  nucleus"  (the  radius  of  the  particle 
r  -  10”7  -  10”5  cm) ,  2)  large  particles  (r  -  10-5  -  io-4  cm) , 

3)  giant  particles  (r>10~4  cm).  From  the  standpoint  of 
the  attenuation  of  visible  and  infrared  waves  in  the  atmosphere, 
atmospheric  aerosol  particles  can  be  divided  into  optically 
active  and  inactive  particles.  The  first  group  includes  par¬ 
ticles  which  have  a  considerable  effect  on  radiation  attenua¬ 
tion.  By  optically  inactive  particles  we  will  mean  particles 
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for  which  the  attenuation  due  to  radiation  can  be  ignored.  The 
maximum  dimension  of  particles  which  can  be  considered  optically 
inactive  depends  on  the  radiation  wavelength  X.  The  larger 
X,  the  greater  the  corresponding  critical  dimension  of  the 
particle.  An  analysis  of  the  attenuation  coefficients  shows 
that  for  any  wavelength  of  the  visible  and  infrared  radiation, 
particles  with  linear  dimensions  less  than  0.1  n  can  be  con¬ 
sidered  as  optically  inactive. 

Depending  on  the  dimension  spectrum  of  mist  particles, 
on  the  basis  of  most  available  data,  two  characteristic 
cases  can  be  singled  out:  1)  a  multimodal  distribution  for 
particles  with  dimensions  approximately  less  than  0.1  | j  which 
was  found  in  articles  [397  and  398],  2)  a  unimodal  distribu¬ 
tion  obtained  by  many  authors  for  particles  with  dimensions 
a>10~2  As  in  the  case  of  clouds,  various  authors  proposed 
different  analytical  expressions  for  the  distribution  of  par¬ 
ticles  by  dimension.  Thus,  the  experimental  results  of  the 
measurement  of  urban  aerosols  obtained  by  1(.  M.  Fedorov  [399], 

K.  P.  Hakhon'ko  [400 ],  Spurni  and  Picha  1401]  are  approximated 
satisfactorily  by  the  lognormal  distribution  [see  (5.3)].  As 
mentioned  in  [400],  this  distribution  law  was  discovered  ex¬ 
perimentally  for  stone  [402]  and  uranium  [403]  oib  dust. 

The  distribution  of  the  gigantic  chloride  and  sulfate  conden¬ 
sation  nuclei  which  were  measured  by  Podzimek  [404,  405]  are 
described  satisfactorily  by  the  formula  of  A.  Kh.  Khrgian  and 
I.  P.  Mazin  [see  (5.2)]. 

Junge  [406]  has  shown  that  a  part  of  the  distribution 
curves  which  characterize  the  large  particles  is  approximated 
satisfactorily  by  an  expression  which  is  called  in  the  litera¬ 
ture  the  Junge  distribution 


N  =  Ca-t. 


(5.6) 


Here  a  is  the  radius  of  the  particle,  C  is  a  constant  which  is 
determined  from  the  experiment  and  which  depends  on  the  par¬ 
ticle  concentration,  and  6  is  a  constant  which  takes  on  the 
value  3  for  continental  aerosols  near  the  surface  of  the  ‘ 
earth. 

The  Junge  formula  has  been  used  rather  widely.  The  value 
of  the  ex'ponent  6  characterizes  the  curvature  of  the  large-drop 
tail  of  the  distribution  curve.  Various  investigators  obtained 
different  values  of  6.  Thus,  during  measurements  over  various 
regions  in  the  USSR,  A.  G.  Laktionov  [407,  408]  obtained  at 
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the  altitude  100  m,  1  km,  2  -  3  kn  values  of  3  which  were 
equal,  respectively,  to  3,  4  and  5  for  large  particles 
(a>4  n)  •  For  nonhydroscopic  giant  nuclei,  Okita  [410 ] 
obtained  values  of  0  in  the  range  1.7  -  3.2. 

During  measurements  in  the  stratosphere  at  altitudes  from 
12  -  21  km  at  various  latitudes  (40°  L.  So.  -  70°  L.  No.) 

Junge  [411,  412]  obtained  for  particles  with  dimensions  from 
0.1  to  2  |i  the  value  0  -  2. 

Friedlander  [413],  assuming  dynamic  equilibrium  between 
the  aerosol  formation,  coagulation  and  settlement  processes, 
obtained  theoretically,  by  introducing  several  sensible  as¬ 
sumptions  the  following  expressions  for  the  distribution 
functions  (Table  5.3). 


TABLE  5.3 

DISTRIBUTION  FUNCTION  FOR  AEROSOL  PARTICLES  ACCORDING 
TO  THE  DATA  IN  ARTICLE  [413] 
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Key:  a.  Diameter  of  particles,  \x 

b.  Aerosols  in  the  troposphere 

c.  Aerosols  in  the  stratosphere 

d.  Greater  than  0.5 


Thus,  the  theoretical  values  of  0  obtained  by  Friedlander 
for  the  troposphere  and  stratosphere  lie  between  the  limits 
2  -  4.75.  G.  M.  Idlis  [414]  obtained  for.  the  distribution 
function  of  dust  particles  in  space  a  formula  which  is  similar 
to  (5.6)  when  0  -  4. 

L.  S.  Ivlev  [810]  as  a  result  of  measurements  which  were 
made  in  the  earth's  layer  of  the  atmosphere  in  the  summer  of 
1965  in  the  Ryl'ska  area  (Kursk  region)  discovered  that  two 
main  types  of  particle  distributions  by  dimensions  exist. 
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Approximately  every  third  case  out  of  100  spectra  for  the  dis¬ 
tribution  of  particles  by  dimension  in  the  range  0.0  -  1.5  n 
which  were  treated  represent  a  distribution  of  the  Junge  type 
with  the  exponent  5-4  (first  type  of  distribution) .  In  the 
second  type  of  distribution  the  count  concentration  has  a 
minimum  in  the  region  where  the  particles  have  dimensions 
0.25  -  0.6  |i  and  a  small  maximum  for  particles  with  dimensions 
from  2  to  3  ix. 

In  the  work  of  Fenn  [811]  deviations  were  detected  from 
the  Junge  distribution  for  particles  by  dimensions.  The  author 
of  [811]  found  maxima  in  the  distribution  of  particles  in  the 
region  where  the  dimensions  of  the  particles  were  0.4  n  and 
in  the  region  of  large  particles  and  minima  in  the  region 
where  the  dimensions  were  0.2  -  0.25  p,  and  0.4  -  0.5  p. 

The  results  of  observations  of  sky  brightness  carried  out 
by  the  Bullrich  team  [812]  shows  that  the  spectrum  for  di¬ 
mensions  of  particles  greater  than  1  p  obeys  the  Junge  dis¬ 
tribution  with  the  parameter  value  p  -  4  and  the  upper  bound 
a2  -  10  p. 

In  summary,  we  can  conclude  apparently  that  on  the  basis 
of  the  results  of  most  studies  the  active  (in  the  optical 
sense)  part  of  the  distribution  curve  for  atmospheric  aerosol 
particles  by  dimensions  can  be  approximated  by  formula  (5.6) 
where  P  can  vary  from  2  to  5.  However,  it  should  be  emphasized 
that  individual  realizations  of  the  dimension  spectra  of  par¬ 
ticles  can  differ  considerably  from  the  smoothed  distribution 
(5.6)  which,  as  G.  B.  Rosenberg  ['895]  pointed  out  correctly* 
reflects  the  properties  of  the  real  distributions  only  in  the 
most  general  form.  The  real  distributions  are  often  curves 
with  one  or  several  maxima  [811,  812,  896]. 

For  the  time  being  very  little  information  about  the 
variation  of  the  maximum  in  the  distribution  is  available. 

K.  P.  Makhon'ko  [400]  found  during  measurements  of  urban 
dust  that  the  dimensions  of  the  particles  which  occur  with 
the  greatest  frequency  fluctuates  from  0.6  to  0.34  p.  Goetz, 
Priening  and  Kallai  [415]  who  studied  various  aerosols  over 
the  territory  of  the  USA  did  not  detect  particles  with  di¬ 
mensions  less  than  0.1  p  even  though  the  spectrometer  used 
could  measure  particles  with  dimensions  up  to  0.08  p.  The 
most  probable  dimension  of  particles  in  [415]  varies  from 
0.2  to  0.5  p.  Junge  [411]  obtained  the  value  0.03  p  for  this 
dimension.  Keeping  in  mind  what  has  been  said  above  about 
the  role  of  small  particles  in  radiation  attenuation  on  the 
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basis  of  this  data,  we  can  assume  in  the  corresponding  calcula¬ 
tions  when  formula  (5.6)  is  used  that  the  minimum  dimensions 
of  the  particles  have  the  value  0.1  |i. 

In  conclusion  we  note  that  the  Junge  formula  is  only  an 
approximate  expression  which  describes  more  or  less  accurately 
the  real  distributions  of  the  largest  smoke  particles.  It 
does  not  cover  all  possible  concrete  distributions.  However, 
for  the  time  being  not  enough  experimental  data  is  available 
to  carry  out  the  corresponding  statistical  analysis  in  order 
to  determine  how  often  one  type  of  distribution  or  another 
occurs  by  dimension  for  the  particles. 

2.  Particle  Concentration.  Depending  on  the  distribution 
function  used,  we  are  either  interested  in  the  total  particle 
concentration  taking  into  account  the  proportion  of  small  drops 
or  the  particle  concentration  in  the  range  of  dimensions  under 
consideration.  In  both  cases  we  must  know  how  the  quantity 
varies  as  a  function  of  the  location,  time  and  altitude.  It 
is  well  known  that  these  variations  are  horrendous.  In  the 
atmosphere  of  industrial  cities  the  aerosol  concentration  reaches 
tens  of  thousands  of  particles  per  1  cm?  and  more,  while  the 
cleanest  air  samples  in  a  rural  area  may  contain  tens  and 
in  isolated  cases  several  particles  per  1  cm3  [416]. 

When  he  studied  the  distribution  for  the  particle  concen¬ 
tration  by  altitude  in  the  atmosphere,  A.  Kh.  Khrgian  [416] 
has  shown  theoretically  that  the  concentration  decreases  ac¬ 
cording  to  the  exponential  law.  An  analogous  rosult  was  ob¬ 
tained  by  A.  G.  Laktionov  [417].  I.  I.  Gayvoronskiy  [418] 
confirmed  this  experimentally  for  condensation  nucelii  up  to 
an  altitude  of  4  km.  Penndorf  [419],  who  generalized  the  data 
of  various  investigators,  concluded  that  the  concentration  of 
particles  with  dimensions  0.06  -  1  \ x  decreases  according  to 
the  exponential  law  up  to  an  altitude  of  5  km.  A  theoretical 
and  experimental  justification  for  the  exponentially  decreas¬ 
ing  law  for  the  concentration  of  condensation  nuclei  with  di¬ 
mensions  10~2  -  1  Mp  to  an  altitude  of  4  -  6  km 


N(z)  =  N(  0)e-*'fc 


(5.7) 


is  given  in  the  work  of  I.  S.  Selezneva  [420,  421,  900].  In 
formula  (5.7)  N(z)  and  N(0)  are  the  concentration  at  the  al¬ 
titudes  z  and  0,  h  is  an  empirical  constant  which  is  different 
for  different  points.  The  numerical  values  for  N(0)  and  h 
which  were  obtained  when  condensation  nuclei  were  studied 
over  various  regions  of  the  USSR  are  also  given  in  the  work 
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of  A.  L.  Dergach  [422]  and  A.  I.  Voskresenskly  [376]. 

Extensive  studies  of  atmospheric  aerosol  particles  for 
the  altitudes  from  6  to  27  km  were  carried  out  by  Junge  and  his 
collaborators  [411,  412,  423  -  426].  Tho  important  advantage 
of  this  work  is  the  separate  study  of  particles  with  various 
dimensions  (0.01  -  0.1  p,  0.1  -  1.0  |i  are  larger).  The  main 
results  of  this  work  reduce  to  the  following.  The  concentration 
of  condensation  nuclei  in  the  upper  troposphere  does  not  de¬ 
pend  for  all  practical  purposes  on  the  altitude,  while  in  the 
lower  troposphere  and  in  the  stratosphere  it  drops  sharply 
with  the  altitude.  For  particles  with  dimensions  0.08  -  1  p 
an  aerosol  layer  was  detected  with  maximum  concentration  at 
altitudes  from  15  to  23  km.  It  turned  out  that  the  particle 
concentration  in  this  layer  varies  with  time  by  not  more  than 
a  factor  of  3.  The  measurements  which  were  made  at  various 
latitudes  led  the  authors  to  the  conclusion  that  this  layer 
had  a  planatary  character.  In  the  upper  layers  of  the  tropo¬ 
sphere,  as  in  the  case  of  condensation  nuclei,  the  concentra¬ 
tion  of  large  particles  does  not  depend  much  on  the  altitude, 
conversely,  at  the  altitudes  10  -  15  and  23  -  27  km  the  con¬ 
centration  rises  and  drops  sharply. 

Very  few  giant  particles  (a>l  p)  were  detected  in  the 
stratosphere;  this  agrees  with  the  data  of  the  Durbin  study 
[427  -  429]  who  has  shown  that  these  particles  contribute 
considerably  to  the  concentration  only  near  the  surface  of 
the  earth.  There  concentration  drops  very  quickly  with  the 
altitude.  Its  largest  measured  value  at  an  altitude  of 
0.8  km  was  equal  to  2.5  cm“3.  For  the  particle  concentration 
greater  than  3  p,  in  article  [430  ]  at  the  altitudes  13  -  16, 

20  and  17  -  29  km  the  values  obtained  were,  respectively, 

4000,  2800,  and  1000  m”3. 

In  the  work  of  A.  G.  Laktionov  [431]  a  large  amount  of 
data  about  the  concentration  of  particles  with  dimensions 
r>  4  p  was  obtained  above  various  regions  in  the  USSR  at 
altitudes  from  0.1  to  3.0  km.  It  turned  out  that  the  con¬ 
centration  of  such  particles  depends  on  the  underlying  sur¬ 
face.  Thus,  above  various  lakes  (Aral',  Okhotsk,  Barents) 
at  an  altitude  of  0.2  km  the  particle  concentration  was  ap¬ 
proximately  equal,  with  1.5  -  5  particles  per  liter.  At 
the  same  altitudes  above  dry  regions  near  the  coastline,  the 
particle  concentration  varied  considerably  and  had  the  values: 
1.5  1_1  above  tundra,  30  l”1  above  forest  covered  steppes  and 
65  1-1  above  sand.  In  the  steppes  the  concentration  varied 
sharply  during  the  transition  from  winter  to  summer.  Thus, 
at  an  altitude  of  0.1  km  in  the  winter  the  concentration  of 
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particles  with  r>4  n  was  equal  to  3  l-1,  and  in  the  summer  to 
60  1-1. 

At  altitudes  above  30  km,  direct  measurements  of  aerosol 
particle  concentrations  have  so  far  not  been  made.  However, 
from  the  analysis  of  the  results  of  optical  investigations 
made  during  intermediate  probes  [432]  and  also  when  rockets 
were  launched,  aerosols  were  detected  up  to  an  altitude  of 
100  km  and  above.  Thus,  Bossier  and  Vassy  [433]  found  that  at 
altitudes  up  to  50  km  the  aerosol  scattering  exceeds  the 
Rayleigh  scattering.  At  an  altitude  of  25  km  the  maximum  of 
the  aerosol  layer  was  detected  and  at  the  tropopause  level 
the  minimum.  A.  E.  Mikirov  [434]  obtained  data  for  the  aerosol 
attenuation  component  at  altitudes  from  48  to  102  km.  At 
all  altitudes  the  aerosol  attenuation  was  larger  than  the 
Rayleigh  attenuation  and  at  altitudes  of  80  km  and  above  a  new 
aerosol  layer  was  discovered.  In  the  studies  of  G.  P. 

Gushchin  [435]  and  Yu.  I.  Rabinovich  [436]  it  has  been  shown 
that  the  aerosol  attenuation  of  visible  light  by  the  atmospheric 
layer  above  6  km  is  20  -  30%  of  the  attenuation  of  the  layer 
below.  These  results  show  that  considerable  aerosol  particle 
concentrations  are  present  in  the  upper  layers  of  the  at¬ 
mosphere.  At  the  same  time  in  the  work  of  Newkirk  and  Eddy 
[446],  a  value  equal  approximately  to  2*10“*  was  obtained  for 
the  magnitude  of  the  optical  layer  of  the  atmosphere  above 
25  km,  which  shows  the  negligible  role  played  by  aerosol 
attenuation  at  high  altitudes. 

In  the  last  few  years  a  great  deal  of  data  about  the 
behavior  of  atmospheric  aerosol  particle  concentrations 
were  obtained  at  different  altitudes  [illegible]. 

The  most  complete  data  was  obtained  by  Elterman  [441  -r 
444].  The  atmosphere  was  probed  in  the  New  Mexico  region  up 
to  altitudes  of  70  km  for  the  period  of  one  year  from 
December  1963  to  December  1964  and  the  distance  between  the 
source  and  the  receiver  was  30.2  km.  The  measurements  were 
made  on  the  wavelength  0.55  n.  Aerosols  were  present  at  all 
altitudes.  However,  the  aerosol  density  above  35  km  is  very 
low.  105  vertical  profiles  for  the  aerosol  attenuation 
coefficients  are  given  in  [444].  All  profiles  are  classified 
into  three  types:  1)  profiles  with  a  weakly  pronounced 
structure  (Fig.  5.2),  2)  with  a  medium  pronounced  structure 
(Fig.  5.3),  3)  with  pronounced  structure  (Fig.  5.4).  The 
vertical  profile  of  the  aerosol  attenuation  coefficients  ob¬ 
tained  by  averaging  the  105  individual  profiles  is  given  in 
Fig.  5.5. 


Fig.  5.2.  Examples  of  vertical  profiles  of  the  aerosol 
attenuation  coefficient  with  a  weakly  pronounced  struc¬ 
ture  obtained  by  Elterman  [444]  on  April  9,  1964,  and 
December  10,  1964;  solid  line — the  Rayleigh  scattering 
coefficient  vs.  the  altitude 

Key:  a.  altitude,  km 
b.  km-* 


An  analysis  of  the  individual  aerosol  attenuation  pro¬ 
files  shows  that  aerosols  are  present  [illegible] 

The  aerosol  layer  discovered  by  Junge  at  altitudes  from 
15  to  23  km  did  not  manifest  itself  sufficiently  clearly  in 
all  probes.  In  many  cases  in  the  layer  from  approximately 
5  to  18  km,  the  aerosol  attenuation  coefficient  does  not  vary 
much  with  the  altitude.  This  fact  was  also  reflected  in  the 
behavior  of  the  average  profile. 


The  comparison  of  the  mean  values  of  the  aerosol  attenua¬ 
tion  coefficient  with  the  values  of  the  molecular  scattering 
coefficient  shows  the  following  picture.  At  altitudes  approxi¬ 
mately  from  0  to  10  km  and  above  25  km,  the  molecular  scat¬ 
tering  coefficient  is  larger  than  the  aerosol  attenuation  co¬ 
efficient.  The  maximum  difference  between  these  coefficients 
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By  come,  kh  Qs 

Fig.  5.3.  Example  of  the  vertical  profile  of  the  aerosol 
attenuation  coefficient  with  medium  pronounced  structure 
,  .  obtained  by  Elterman  [444]  on  May  8,  1964  (curve  with 

crosses);  solid  line — Rayleigh  scattering  coefficient 
vs.  altitude;  the  points  denote  values  of  the  attenua¬ 
tion  coefficient 

i 

Key:  a.  altitude,  km 
b.  km”* 

I 

i 

\  occurs  at  altitudes  approximately  from  18  to  22  km,  and  at 

*  an  altitude  of  35  km.  In  the  first  case  the  aerosol  attenua- 

r  tion  coefficient  is  approximately  2  -  2.5  as  large  as  the 

!  molecular  scattering  coefficient  and  in  the  second  case  the 

relation  is  reversed. 

The  team  of  K.  Ya.  Kondrat'ev  carried  out  in  the  last  few 
years  many  experimental  studies  in  atmospheric  optics,  using 
a  variety  of  apparatus  raised  with  the  aid  of  balloons  to 
altitudes  between  25  to  30  km.  One  of  the  main  branches  in 


* 
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Fig.  5.4.  Examples  of  vertical  profiles  of  an  aerosol  at¬ 
tenuation  coefficient  with  pronounced  structure  obtained 
by  Elterman  [444]  in  the  period  between  8:00  pn^  April  12, 
1964,  and  2:19  am,  April  13,  1964 


tvcomt,**  £ 

Fig.  5.5.  Kean  vertical  profile  of  the  aerosol  attenuation 
coefficient  obtained  by  Elterman  [444]  by  averaging  105 
individual  profiles. 
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this  series  of  studies  is  related  to  the  study  of  the  optical 
properties  of  aerosols  and  its  stratification.  Measurements 
have  shown  the  presence  of  aerosol  layers  at  different  altitudes. 
The  vertical  profile  of  the  particle  concentration  varies  be¬ 
tween  wide  limits  (Fig.  5.6).  Both  the  altitude  of  aerosol 
layers  and  also  the  absolute  concentration  of  particles  at  var¬ 
ious  altitudes  are  subject  to  variation  [344,  445,  813]. 


Fig.  5.6.  Vertical  attenuation  profile  of  direct  solar 
radiation  due  to  aerosol  according  to  the  data  of 
K.  Ya.  Kondrat'es,  etal.  [445]: 


1  —  fall 

2  —  summer 

Key:  a. 

H,  km 

b. 

aer 

c. 

cal. cm”2  min” 

d. 

km 

From  the  material  considered  one  can  see  the  presence  of 
a  great  variety  of  data  about  vertical  atmospheric  aerosol 
concentration  profiles.  Notwithstanding  the  fact  that  at 
the  present  time  a  great  amount  of  data  about  particle  con¬ 
centrations  at  various  altitudes  and  in  different  geographic 
regions  has  been  obtained,  this  information  is  still  inadequate 
for  solving  the  problem  of  the  mean  statistical  concentration 
profiles  of  the  particles.  However,  many  practical  problems 
do  require  that  certain  mean  values  of  this  quantity  which 
characterize  the  aerosol  model  of  the  atmosphere  be  known. 
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By  approximating  the  experimental  data  of  Junge  about  the 
concentration  for  particles  with  dimensions  0.08  -  1.0  m.  at 
various  altitudes,  we  constructed  the  following  aerosol  model 
of  the  atmosphere  [l ] : 


N(z)~N{ 0)eu*, 

N  (z)  =  0,03,  5  kx  <  z  <  15  km, 

N (z)  =  0,03e°*M*,  IS  km<2<29  wSf, 

JV  (z) = 0, 1  e-°>0**,  z>20  KJK, 

Key:  a.  km 


where  N(z)  and  N(0)  is  the  particle  concentration  at  the  al¬ 
titudes  z  and  0. 

Elterman  [447,  448]  generalized  the  available  data  for 
the  aerosol  attenuation  coefficients  and  constructed  an  aerosol 
model  of  the  atmosphere. 

According  to  this  model,  the  distribution  function  by  di¬ 
mension  for  the  particles  does  not  vary  with  the  altitude  and 
the  particle  concentration  at  the  meteorological  range  visi¬ 
bility  Sg  «  25  km  near  the  surface  of  the  earth  was  taken  to 

be  equal  to  200  cm-3.  The  concentration  values  at  other  al¬ 
titudes  are  given  in  Table  5.4. 


I 


Fig.  5.7. 
tides 


[447] 


in  the  atmosphere  adopted  in  the  Elterman  model 


Key:  a.  Altitude,  km 
b.  N,  cm”3 
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Figure  5.7  shows  the  vertical  profile  for  the  concentra¬ 
tion  of  aerosol  particles  constructed  from  the  data  in  Table 
5.3.  We  note  that  the  Elterman  model  does  not  take  into  account 
possible  variations  in  the  parameters  of  the  distribution  func¬ 
tion  by  dimension  for  the  particles.  These  variations  can, 
as  the  material  under  consideration  shows^be  very  large. 

Hence,  we  must  conclude  that  the  particle  concentration  may 
vary  between  wide  limits  for  the  same  value  of  the  meteorologi¬ 
cal  visibility  range. 


TABLE  5.4 
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5r 
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CONCENTRATION  OF  AEROSOL  PARTICLES  AT  VARIOUS  ALTITUDES 

IN  THE  ELTERMAN  MODEL 


£/Bucon,  km 
KoimcHTpama, 

CM~* 

0 

200 

1 

87 

2 

38 

3 

16 

4 

7,2 

5 

3.1 

6 

1.1 

7 

0,4 

BuCOTt,  KM 
^KOHUetlTpilUM, 

•  CM-* 

8 

0,14 

9 

0,05 

10 

0,028 

It 

0,023 

12 

0,021 

13 

0,023 

14 

0,025 

15 

0,041 

^/BuCOTfl,  KM 

KOHIHHTpUUM, 

CM-* 

16 

0,067 

17 

0,073 

18 

0,080 

19 

0,090 

20 

0,086 

21 

0,082 

22 

0,080 

23 

0,076 

£|Jbucot«,  KM 

KOHUCHTMUNIIt 

CM"* 

24 

0,062 

25 

0,035 

26 

9,025 

27 

0,024 

28 

0,022 

29 

0,020 

30 

0,019 

31-50 

0 

i 


& 

& 


* 


Key:  a.  Altitude,  km 

Concentration,  cm-' 


In  conclusion  we  note  that  the  models  of  the  atmosphere 
which  were  considered  are  very  approximate  statistical  averages 
of  the  true  aerosol  stratification  picture  in  the  atmosphere. 

In  each  concrete  case  more  or  less  pronounced  deviations  from 
the  real  aerosol  particle  concentration  profile  can  be  ob¬ 
served  than  those  which  were  adopted  in  the  models. 
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In  addition  to  the  variations  of  the  dimension  spectra 
and  the  atmospheric  aerosol  particle  concentration,  the 
question  of  the  chemical  composition  of  the  particles  which 
determines  the  components  of  their  complex  refractive  index 
is  important.  A  change  in  these  components  can  have  a  sub¬ 
stantial  effect  on  the  corresponding  optical  aerosol  charac¬ 
teristics  (the  scattering  coefficients,  the  scattering  in- 
dicatrix,  etc.).  We  should  expect  differences  in  these  charac¬ 
teristics  not  only  in  sea  and  continental  aerosols  but  also 
in  different  types  in  each  group,  depending  on  their  origin. 

At  the  present  time  at  least  several  tens  of  papers  have  been 
published.  In  some  of  these  continental  and  sea  aerosols 
were  studied  (for  example,  [814  -  819]).  Nevertheless',  the 
.data  obtained  is  completely  inadequate  to  make  any  definite 
conclusions  about  the  chemical  composition  of  both  the  sea 
and  continental  particles.  The  assumption  which  is  made 
most  often  when  atmospheric  aerosol  scattering  coefficients 
are  calculated  is  that  their  particles  consist  of  water.  In 
this  case  the  refractive  index  is  taken  to  be  equal  to  1.33. 

In  a  number  of  cases  the  calculations  are  carried  out  for 
transparent  particles,  for  which  the  refractive  index  takes 
on  various  discrete  values  between  1.2  to  1.5  [820]. 

Atmospheric  aerosol  models  which  must  be  developed  in 
the  future  must  without  any  doubt  take  into  account  the  di¬ 
mension  spectra,  the  concentration  and  the  chemical  composi¬ 
tion  of  the  particles  as  well  as  the  variations  in  these 
characteristics  under  real  conditions. 

3.  Precipitation 

All  precipitation  is  characterised  by  the  presence  of 

2nd 

large  particles  for  which  the  values  of  the  parameter  P*“x  . 

(X  is  the  wavelength,  a  is  the  radius  of  the  particle)  are 
such  that  the  attenuation  coefficients  can  be  considered 
proportional  to  the  area  of  the  particle  cross-section 
(see  Chap.  6  and  7).  Therefore,  to  find  the  aerosol  attenua¬ 
tion  coefficients  in  precipitation,  it  is  more  important  that 
we  know  their  intensity  or  water  content  than  the  microstructpre 
parameters.  The  latter  have  been  studied  in  greater  or  lesser 
detail  during  rains. 

The  microstructure  studies  of  rain  [449  -  453]  have  shown 
that  with  rare  exceptions  the  distribution  of  drops  by  dimen¬ 
sion  are  characterized  by  unimodal  asymmetric  curves  as  in  the 
case  of  clouds  and  nebula. 
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The  parameters  of  the  ale  restructure  vary  with  the  rain 
intensity  and  the  distance  froa  the  cloud  in  which  the  rain 
originated.  Kelkar  [449]  has  shown  that  the  farther  the  base 
of  the  cloud  froa  the  earth,  the  relative  nuaber  of  small  drops 
due  to  evaporation  during  the  rainfall  incrases  in  accordance 
with  a  certain  law.  Mason  and  Andrews  [450]  detected  large 
oscillations  in  the  nicrostructure  parameters  for  various 
types  of  rain.  The  most  complete  data  about  the  microstructure 
of  rainfall  was  obtained  by  E.  A.  Polyakova  [451-453]  (Table 
5.5). 


TABLE  5.5 

MAXIMUM  AND  MINIMUM  VALUES  OF  RAINFALL  CHARACTERISTICS 

[451  -  453] 


KOAHUCTKrfJU 

A0*A« 

.  MM  6 

f,N«e 

n,  | 

MM 

MM 

a,  < 
url  v 

/  MHHNMMkHOC 

0.3 

0,02 

80 

0,7 

0,025 

0,10 

^MaKdC'.^ibiioe 

57 

1,95 

19  750 

3,2 

0,3 

3,34 

Key:  a.  Amount  of  rainfall 


b. 

c. 

d. 

e. 

f. 


alargest 

nun 


amax 


Column  a. 

1 .  Minimum 

2.  Maximum 
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The  data  in  Table  5.4  characterize  the  scatter  in  the  micro- 
structuro  parameters  which  are  encountered  in  the  most  frequent 
rainfalls.  Ve  note  that  in  very  rare  cases  the  intensity  I 
and  the  rain  humidity  u)  can  be  considerably  larger  than  the 
values  given  in  Table  5.4.  Thus,  in  the  USSR  the  absolute 
maximum  intensity  recorded  in  Sochi  in  1913  was  equal  to 
3.74  mm/min  (224  mm/hr),  an  intense  downpour  in  Panama  in 
1911  yielded  12.6  mm/min,  which  corresponded  to  a  humidity  of 
38  g/m3  and  on  the  Hawaiian  Islands  an  intensity  up  to 
21.5  mm/min  was  recorded  (1290  mm/hr)  [416]. 

The  distribution  function  for  drops  by  dimension  in  rain¬ 
fall  was  approximated  in  article  [451]  by  the  gamma  distribu¬ 
tion  with  the  parameter  value  4  -  2.  Marshall  and  Palmer 
[4541  used  the  same  distribution  with  4-0.  L.  M.  Levin 
[368]  assumes  that  4  must  vary  between  0  to  2. 

The  microstructure  of  snowfall  was  studied  by  I.  L. 
Zel'manovich  [455].  The  dimensions  of  the  particles  were 
identified  from  the  radii  of  the  spots  which  remained  on  the 
filtering  paper  after  the  snowflakes  thawed.  Using  the  formula 

dnldr  -  Ar'e-v,  for  the  distribution  function  by  dimension  for 
the  particles,  where  r  is  the  radius  of  the  particle,  the 
author  of  [455]  found  on  the  basis  of  the  experimental  data 
obtained  for  the  attenuation  coefficient  and  the  number  of 
snowflakes,  the  values  of  the  parameters  A  and  8.  Using  the 
values  which  were  obtained  for  A  and  p  the  unimodal  distribu¬ 
tion  curves  which  were  constructed  agreed  well  with  the  ex¬ 
perimental  curves. 

6.  Scattering  of  Visible  and  Infrared  Waves  by  a  Single  Particle 

1.  Representation  Of  Polarized  Light 

We  will  consider  a  alane  monochromatic  wave,  the  intensity 
of  the  electrical  field  E  which  in  complex  form  has  the  form 


£  =  £0e-i“‘+u  / 


(6.1) 


Here  u>  is  the  frequency  of  the  field,  the  direction  k  coincides 
with  the  dir*,  stion  in  which  the  wave  is  propagated,  n 

is  the  ref£u„tive  index  of  the  medium,  c  is  the  velocity 
of  light,  Eq  is  a  vector  of  constants  which  is  perpendicular 

£p  k.  The  intensity  of  the  magnetic  field  H  is  related  to 
E  as  usual  by 
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where  n=k/k. 

The  energy  flow  in  the  electromagnetic  field  calculated 
per  unit  area,  is  defined  by  the  Umov-Poynting  vector 


P=~ felRel,  Retf).  (6.3) 


Since  the  radiation  receivers  react  to  the  energy  characteristics 
of  fields,  the  components  (6.3)  which  are  averaged  over  time 
represent  in  optics  measurable  magnitudes.  Averaging  over 
time  is  related  to  the  fact  that  the  time  needed  to  analyze 
experimentally  the  properties  of  the  field  exceeds  considerably 
the  oscillation  period  of  the  light  wave.  We  will  now  consider 
a  complete  set  of  measured  quantities.  The  first  quantity 
represents  the  total  intensity  of  the  wave,  which  is  defined 
as  the  mean  value  of  P  over  time.  Further,  we  can  also  mea¬ 
sure  the  oscillation  intensity  along  a  certain  line  which  is 
averaged  over  time.  The  oscillations  described  above  can  be 
singled  out  by  placing  on  the  path  of  the  wave  an  oriented 
analyzer  in  a  certain  way.  The  characteristics  which  were 
enumerated  represent  the  complete  information  about  the  light 
beam  determined  from  the  experiment.  We  can  describe 
quantitatively  this  information  as  follows.  We  substitute 
(6.1)  and  (6.2)  in  (6.3)  and  take  into  consideration  that 
when  we  average  over  time  all  terms  with  the  factor  exp(fi2u>t) 
vanish.  Then  for.  the  total  intensity  I  we  have 

I = ’ffc EJ).  (6.4) 


We  now  introduce  a  Cartesian  coordinate  system  x,  y,  z, 
in  which  the  wave  under  consideration  is  propagated  in  the_ 
negative  direction  along  the  third  axis.  Then  the  vector  EQ 

lies  in  the  plane  formed  by  the  orths  of  the  first  two  axes. 
The  direction  *f  the  lines  along  which. the  oscillation  in¬ 
tensity  must  be  measured  can  be  given  in  terms  of  the  angle 
r)  relative  to  the  first  axis.  If  I Crj>  is  the  intensity  of 
the  corresponding  oscillations,  we  can  obtain  easily  from 
(6.4) 


1  ft) "  m  m*  + 5* cos  2t» + s* 8ln  2r\)‘ 


(6.5) 
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If  an  additional  device  is  placed  on  the  path  of  the  light 
beam  which  introduces  the  constant  phase  difference  6  into 
the  mutually  perpendicular  components  of  the  field  (for  example, 
a  plate  at  one-quarter  of  the  wave) ,  then 


/(ti)=*7gj  m«  (S, + St  cos  2ti  +  (S,  cos  fi  -  S*  sin  6)  sin  ifl. 


(6.6) 


In  (6.5)  and  (6.6)  S.  are  the  Stokes  parameters  which  are 

aH  a a  fnllnuo.  “ 


defined  as  follows: 


St  =  EaiE*n  -f-  EJfEoti 

Si=Ho.£;,-£ot£J„ 

S$  —  Eq%E*i  4-  £J,£oi. 

Si  —  i  (EotEfi  —  E*tE0i). 


(6.7) 


Here  E0j  are  the  first  and  second  components  of  the  vector  Eq. 

By  comparing  (6.4)  and  (6.7)  we  can  write  the  formula  for 
the  total  intensity 


(6.8) 


It  can  be  showr.  easily  that  and  S4  are  invariant  with 
respect  to  rotations  about  the  third  axis,  and  S2  and  Sg  are 
transformed  according  to 

S;  -  St  cos  2iJ>  4-  S,  sin  2^,  Si  =  —  S*  sin  2i|>  4-  S*  cos  2»p, 

where  S£  and  Sg  are  the  values  of  the  Stokes  parameters  in  the 

system  which  was  obtained  by  rotating  the  old  coordinate  system 
through  the  angle  if  about  the  third  axis. 

_  Further  it  can  be  shorn  that  the  end  point  of  the  vector 
E  of  the  wave  (6.1)  describes  a  particular  ellipse.  Therefore, 
a  wave  of  this  type  is  called  an  elliptically  polarized  wave. 
The  polarization  ellipse  can  be  described  in  terms  of  the  angle 
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cp  between  the  major  semi-axis  of  the  ellipse  and  the  first 
/  orth  of  the  selected  coordinate  system,  and  the  eccentricity 
P  defined  by  the  relation  tgg  -  a2/a^,  w^ere  ai  and  a2» 

respectively,  are  the  minor  and  major  semi -axis  of  the  ellipse, 
&pd  P  has  positive  sign  for  clockwise  rotation  (relative  to 
kg)  and  negative  sign  for  counterclockwise  rotation.  After 

some  computations  we  find  the  following  relations: 


$,  =  S,cos2pcos  2<p, 

Sa  =  S1cos2psin2(p,  (6.9) 

£4  =  S,  sin  2{J. 

Formulas  (6.6),  (6.8)  and  (6.9)  enable  us  to  calculate  the 
characteristics  of  the  polarization  ellipse  from  the  measure¬ 
ments  . 

2.  Scattering  Of  A  Plane  Monochromatic  Wave 

We  will  now  identify  the  field  which  was  considered  in 
paragraph  1  with  the  wave  which  falls  on  on  a  certain  object. 
Suppose  that  the  origin  of  the  coordinate  system  is  situated 
at  the  center  of  the  object  and  the  first  axis  of  the  system 
coincides  with  the  major  semi-axis  of  the  polarization  ellipse 
2*  t^e  wave.  The  orths  of  this  system  will  be  denoted  by 

11»  *2’  V 

The  material  from  which  the  object  under  consideration 
is  made  has  a  complex  refractive  index  j^  ?  mft  and  consequently 

represents  a  certain  optical  nonhomogeneity.  Therefore,  a 
scattered  field  must  be  present  in  the  object.  Further,  all 
quantities  which  characterize  the  incident  wave  have  the 
superscript  (0)  which  corresponds  to  the  scatter  with  super¬ 
script  (a) . 

We  will  now  consider  a  point  r  where  the  scattered  field 
is  studied.  We  denote  by  Q  the  plane  in  which  the  selected 
point  lies  and  the  propagation  direction  of  the  incident 
wave  (i.e.,  the  third  axis  in  the  selected  coordinate  system). 

We  int'ro<}uce_a  right  handed  coordinate  system  g  with  the 
orth  triplet  gj,  g2,  gg,  where  gg  »»-lg,  gj^  is  perpendicular 

to  the  plane  Q  and  g2  is  parallel  to  it.  In  the  system  g  the 
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Stokes '  parameters  of  the  scattered  wave  S  j  ^  have  the  form 

(6.9),  and  ep  is  the  azimuth  angle  of  the  point  r.  The  scattered 
wave  is  a  ore  conveniently  analyzed  in  the  system  j,  the  right 
orth  trip.et  of  which  is  determined  as  follows:  7s  =  r /r;  r  =  j7|,  £ 

is  perpendicular  to  Q  and  j.-,  is  parallel  to  this  plane.  From 

the  linearity  of  the  Uaxwell  equations  and  the  emission  principle 
it  follows  that  in  the  wave  zone  the  scattered  wave  can  be 
represented  in  tfe  form 


£(*>  „  i__  (au  (0,  <p)  £«•> + a„  (0,  9)  £'*>),  . 

.-M+Ur 


(6.10) 


In  (6.10)  r,  6,  cp  are  the  polar  cc ordinates  of  the  points  r, 

E^0^  are  the  components  of  E0^  in  the  system  g, 

are  the  components  of  the  scattered  field  in  the  system  j._ 
The  intensity  of  the  magnetic  field  of  the  scattered  wave  H 
is  again  calculated  from  (6.2).  The  function  a..  (6,  cp) ,  is 
determined  by  the  form,  the  dimensions  of  the  particle  and 
the  properties  of  the  material. 


The  wave  (6.10)  has  the  form  which  was  discussed  in 
paragraph  1,  since  its  characteristics  are  constant  at  all 
points  of  a  sphere  with  fixed  radius,  EgW  -  0  in  the  wave 

zone ,  and  the  factors  exp  (~iot  +  ikr)  .  and  .  exp  (— i©/  +  i kr) 

are  essentially  equal.  Therefore,  in  the  system  j  we  can 
introduce  the  Stokes'  parameters  of  the  scattered  light, 

and  again  determine  the  relations  (6.7).  If  the  Stokes 
parameters  are  written  in  the  form  of  a  matrix  with  a  single 
column  (S\  we  obtain  easily 


(6.11) 


Relation  (6.11)  defines  the  scattering  matrix 
which  as.  the  meaning  of  the  Stokes  parameters  implies  contains 
essentially  all  the  information  about  the  scattered  light. 

We  will  write  out  in  explicit  form  the  components  of  the 
scattering  matrix 
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Mtj—^  2  I«mI,«mm» 

a.p-1 


l,  /-•>  1,  2, 


.(::  -i  -:  i). 


Aft#  =•  Re  (aufl*i + Mu  “ 
Mu 13  Re  — o»*°ii)t  Mu  =» 
Af«  =  Re(fl,tai+fl*iar»). 

Ms**=  Re  (fl«ai -ana?,)*  Mu- 
Mu  =  Re  (a|tai  +  attaj,).  Aft* 31 
Afw  «=  Im  (flitai Mu  — 


—  Im  (flitai 
-Im(auai+ai*aJi)« 
Retaitai-aijaJ,), 
Iin(anai— a,iai), 

—  Im(a,»ai— ana?,). 

—  Im  (a,iai-a,^i). 


The  explicit  form  of  the  coefficients  is  determined 

after  the  corresponding  electrodynamic  boundary  value  problem 
which  reduces  to  the  solution  of  the  Maxwell  equations  with 
the  condition  that  the  tangential  component  of  the  field  on 
the  surface  which  separates  the  media  with  different  electro¬ 
magnetic  characteristics  is  continuous  is  solved.  This  prob¬ 
lem  is  very  complex,  and,  therefore,  solutions  to  it  have 
been  found  only  in  a  few  special  cases.  In  the  case  of 
spherical  particles  a^  “  *21  “  °>  the  an  and  a22  depend  only 

on  6  and  when  0  -  tt,  i.e.,  when  the  direction  in  which  the 
scattered  wave  is  propagated  coincides  with  the  direction  of 
the  incident  wave,  a^  s  a g2 •  We  also  note  that  by  defini¬ 
tion  coincides  with  the  scattering  indicatrix. 

3.  Scattering,  Absorption  And  Attenuation  Coefficients 

Relati^n^  (6.8)  and  (6.11)  imply  that  the  scattering  light 


intensity 


is  determined  as  follows: 
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(6.12) 


^  16 nk*r*  +  S£*’2Afij  4-  S^’Afu) . 


Further,  the  direction  of  the  Umov-Poynting  vector,  as 
formulas  (6.2),  (6.3)  and  (6.10)  imply  coincides  with  the 
direction  of  the  orth  jQ.  Therefore,  the  energy  flow  of  the 

(a\  a 

scattering  field  Pv  '  through  a  medium  with  a  sufficiently 
large  radius  is  equal  to  V  /<<V  sin  6d0d<p.  The  ratio  of  the 

last  quantity  to  the  intensity  of  the' incident  light  defines 
the  scattering  coefficient  og. 

Substituting  (6.12)  into  the  formula  which  defines  the 
flow  and  using  formula  (6.8)  to  calculate  the  intensity  of 
the  incident  light  and  relations  (6.9),  we  find 


0^2S»  j  (Mu  +  Af,»cos2pcos29  + 

+  2Af  u  cos  2$  sin  2<p  2 /Wu  sin  2{$)  sin  6  dO  dip. 


(6.13) 


Key:  a.  s 


From  (6.13)  we  easily  obtain  formulas  for  os  in  the  case  of 

linear  polarized  light  scattering  (P  *=  0)  and  polarized  light 
along  a  circle  (P  -  ±  tt/4  depending  on  the  polarization  direc¬ 
tion).  If  the  particle  is  spherical,  we  obtain  using  the 
properties  a^ 


T  sin0d0 

o 


(6.14) 


Key:  a.  s 


regardless  of  the  polarization  state  of  the  incident  radiation. 

The  absorption  coefficient  is  defined  as  the  ratio 

with  opposite  sign  of  the  Umov-Poynting  flow  vector  for  the 
complete  field  through  the  sphere  with  radius  r  to  the  in¬ 
tensity  of  tho  incident  radiation.  It  is  easily  seen  that 
the  flow  which  was  defined  above  is  equal  in  absolute  value 
to  the  amount  of  energy  in  the  field  absorbed  in  the  volume 
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considered.  The  minus  sign  denotes  outgoing  energy. 

The  Umov-Poynting  vector  P  for  the  complete  field  according 
to  the  superposition  principle  for  fields  and  formula  (6.3) 
can  be  written  in  the  form 


,e?» Pn + P(a) + P,  rafi (6.15) 

P'=  —  Re{[£<fl>,  tf  <•>*]  +  [£<•>,  #«>*)}. 


Key:  a.  where 

The  vector  P’  in  (6.15)  is  averaged  over  time. 

In  accordance  with  the  definition  for  the  absorption  co¬ 
efficient 


Key:  a.  a 


here,  as  usual,  ds=r*sin0d0<*<p. 

The  sum  of  the  shattering  and  absorption  coefficients 
defines  the  attenuation  coefficient  a: 


o=-a„+ap.  KeyJ  (6.17) 

***  a  •  a 

If  the  expression  for  P  is  substituted  in  (6.16)  and  if 
we  take  into  consideration  the  fact  that  the  integral  in  the 
first  term  vanishes  but  in  the  second  term  gives  the  value 
of  the  scattering  coefficient,  we  obtain  from  (6.17) 


~"7o  j 


(6.18) 
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After  substitution  of  (6.15)  in  (6.18),  we  can  write  the 
integrand  in  explicit  form,  using  (6.1)  and  (6.10)  for  the  com¬ 
ponents  of  the  electrical  field  and  formula  (6.2)  for  the  com¬ 
ponents  of  the  magnetic  field.  We  then  obtain  integrals  of 

the  form  J  F  (e»  <P)  exP  iikr  ^  cos^1  sin  v  Since  in  the  wave  zone 
kr^l  the  above  integrals  can  be  calculated  using  the  stationary 
phase  method,  after  several  computations  we  obtain  the  fol¬ 
lowing  expression  for  o  [456]: 


a— 


2* 

|  l (fill  +  «!*)-[-  COS*  P  cos 


2<p(tfit-an)4 


+ («i* + a«i)  cos  20  sin  2<p  +  /  (a„  -  ajj)  sin  20J  dtp.  ■■ 


(6.19) 


All  functions  a^  in  (6.19)  have  the  argument  0  —  tt. 

The  results  (6.19)  essentially  represent  a  well-known 
theorem  in  optics,  which  is  generalized  to  the  case  of 
elliptically  polarized  light  and  a  scattering  particle  of  ar¬ 
bitrary  form. 

For  spherical  particles,  we  can  write  on  the  basis  of  the 
corresponding  properties  of  a^  and  (6.19) 


a  ~  “  ir  R®  a  (n) 


(6.20) 


regardless  of  the  polarization  state  of  the  incident  wave. 

Here  .  a  (n)  «=  a„  (n)  =  a2,  (n)  represents  the  amplitude  of  the  wave 

which  is  scattered  forward. 

It  can  be  seen  from  (6.19)  that  to  calculate  the  at¬ 
tenuation  coefficient  one  must  know  the  amplitude  of  the  wave 
scattered  at  a  small  angle  to  the  propagation  direction  of 
the  following  wave.  The  reasons  for  this  are  rather  simple 
if  we  keep  in  mind  that  any  experimental  procedure  which  is 
used  to  determine  a  is  related  essentially  to  the  study  of  the 
interference  of  an  incident  wave  and  a  scattered  wave  at 
small  angles.  Since  the  integrals  of  the  type  given  above  which 
are  evaluated  using  the  stationary  phase  method  are  independent 
of  the  upper  limit,  it  can  be  shown  that  the  o  defined  ac¬ 
cording  to  (6.17)  coincides  with  the  screening  coefficient  r). 
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The  latter  is  determined  from  the  experimental  diagram: 

t]  =  /-'  (1I0  —  II),  where  II  and  nQ  are  the  amounts  of  energy  held 

in  the  radiation  receiver  in  cases  when  the  particle  is  in  the 
radiation  flux  and  far  from  it.  From  a  purely  computational 
point  of  view  formula  (6.19)  is  useful  in  the  sense  that  it 
can  be  used  to  define  for  o  approximately  any  information  about 
the  amplitudes  of  the  light  scattered  at  small  angles. 

4.  The  Scalar  Approximation  in  the  Scattering  Light  Problem 

When  the  solutions  of  Maxwell's  vector  equations  are  re¬ 
placed  by  the  solution  of  the  scalar  Helmholz  equation  for 
some  function  i|r,we  say  that  this  is  a  scalar  approximation. 

The  latter  has  the  form 


Aip + (7)  (6.21) 


The  advantage  of  the  scalar  approximation  is  that  in  a 
number  of  cases  the  approximate  solution  (6.21)  is  found  much 
more  easily  than  certain  asymptotic  solutions  of  the  Maxwell 
equations.  Moreover,  it  turns  out  that  such  solutions  include 
the  region  of  small  scattering  angles,  which  enables  us  to  find 
approximate  representations  of  the  attenuation  coefficients. 

We  also  mention  that  the  replacement  of  Maxwell's  equations  by 
the  Helmholz  equation  was  discussed  in  articles  [457  -  459] 
in  order  to  elucidate  the  meaning  of  the  term  "scalar  perturba¬ 
tion"  which  is  used  in  optical  defraction  theory. 

We  will  first  discuss  the  scalar  approximation  for  particles 
of  a  spherical  form.  The  solution  of  equation  (6.21)  is  sought 
usually  with  the  following  boundary  conditions  on  the  surface 
of  a  sphere  of  radius  a: 


-  to.  Po  {d  (arpt  +  atyi)/da)  =  P,  ^  (a\|>,), 


where  t|i^,  ^  and  43  are  functions  which  describe  the  incident 

external  and  internal  waves  (where  i|i  represents  a  plane  wave), 
and  and  PQ  are  constants. 

The  following  proposition  can  be  proved  [460].  In  the 
range  of  small  scattering  angles  the  solution  of  Maxwell's 
equations  for  the  potential  of  the  field  of  a  sphere  can  be 
written  as  the  sum  of  the  solutions  of  equations  (6.21) 


-261- 


I 


multiplied  by  1/2  when  P  -  PQ  -  1  and  PQ  =  1/P  -  m,  where 
m  is  the  relative  complex  retraction  inaex  for  the  sphere 
substance.  The  first  solution  corresponds  to  oscillations 
of  the  electric  type  and  the  second  to  oscillations  of  the 
magnetic  type.  The  proposition  which  was  stated  can  be  es- 
i.  tablished  by  simply  comparing  the  corresponding  solutions 
{  when*  0  m  a. 

I 

j  Using  the  proposition  which  was  formulated  and  certain 

\  methods  from  quantum  collision  theory  we  can  obtain,  for 
example,  all  the  results  in  Chapter  II  in  the  well-known 
Van-de-Heust  monograph  [461].  As  an  example  we  will  give  the 
expression  for  the  light  attenuation  coefficient  in  a  two- 
layer  transparent  sphere,  the  dimensions  of  which  exceed 
considerably  the  wavelength 


o  =  nr\  (2  -  xt  -  x2),  xt  •=  ( 2  -  k  (p2,  §))  [  1  -  a,/a2), 


*2= 


ailat 

4  I 


cos{piV"  1-Sj-f 


+  P»[(n«-  1)-  H  VfiftFT'ndl- 


Quantities  which  refer  to  the  "nucleus"  have  the  subscript 
"1"  and  those  which  refer  to  the  "shell"  have  the  subscript 
”2,"  o'-  is  the  attenuation  coefficient  for  a  sphere 

with  radius  a2>  m  *  n2,  P2  -  2Tra2(n1  -  1)/X,  X  is  the  wave¬ 
length  of  the  scattering  light. 

We  also  write  the  formula  for  the  refractive  index  a  of 
the  medium  which  contains  N  particles  with  radii  a^X: 


a~l+JVa>-?p  cos<p— p)+ 

k-2nJK,  p  =  2(/i  —  l)ka,  tgP  =  x/(«— 1),  m  =  n  +  ix. 


We  will  now  analyze  light  scattering  under  small  angles 
by  particles  of  arbitrary  form  with  dimensions  which  exceed 
considerably  the  wavelength  of  the  scattering  light.  It  turns 


-262- 


out  tbat  in  this  case  the  field  can  be  written  in. terms  of  a 
scalar  function.  This  magnitude  under  certain  assumptions 
coincides  with  the  results  of  Kirchhoff's  diffraction  theory 
applied  to  Fraunhofer’s  diffraction. 

We  introduce  the  vector  and  scalar  potentials  S  and  <p 
of  the  electromagnetic  field  and  the  relations  m«  rot  i?,  £  = 

-a  — -(ma/c)  (ioj/l)  and  we  write  the  Lorentz  condition  in  the  form 

divA  +  (m0/c)  (ioxp)  =  0.  .  The  usefulness  of  this  notation  for  A 
and  cp  f6r  scattering  problems  will  become  evident  later. 

t 

Using  the  relations  given  above,  we  can_obtainifrom  Max¬ 
well's  equations  the  following  equation  for  E: 

+ 

+  B  (7)  j  V  (?)  E  (?)  G  Crlr')  <??. 

Here  B  (?)  =  (4n)*»  (A*  +  grad  dlv),  G  if/?)  =  t~ikRIR, 


(6.22) 


/<  =s  \r  —  r'  \, 

1*  M4  /«*• 

inside  the  particle  and  U  *  0  outside  the  particle,  m 


U  ss  m*  —  1 


m,/m„ 


The  subsequent  solution  procedure  is  as  follows.  Using 
equation  (6.22)  we  find  the  field  Ej  inside  the  particle, 
and  then  from  the  formulas 


-*  nr 

Ea  —  ~ —  (Coh  *f"  Cyiq), 

c-=~j  (/(?)£;(?)  e-‘^ 


A 

'dr'  j 


(6.23) 


which  follow  from  (6.22)  we  determine  the  scattering  fields  E* 
in  the  wave  zone.  Here  ig  and  are  the  orths  of  a  spherical 

coordinate  system  with  origin  at  the  center  of  the  particle. 

The  derivation  of  equation  (6.22)  and  of  relation  (6.23) 
show  that  the  free  terra  in  (6.22)  can  be  represented  in  the 
form  of  an  incident  wave  and  that  the  integration  region  can 
be  reduced  to  the  volume  of  the  particle  only  when  the  po¬ 
tentials  of  the  field  and  the  Lorentz  conditions  are!  written 
in  the  above  form.  The  solution  of  (6.22)  by  successive 


approximations  gives  - 

Cl' 

n  /  0  x 


n»0 


where"  ft 
Do ' 


:  £oe-“  <• 


and  for 


Dn  (?)  =  B  (?)  j  dr/J  (?,)  G  (r/?t)  x 
X  B  (?,)  J  d?tU  (?2)  G  (?,/?*)  B(?Z)...B  (?„-,)  x 
x  j  d?n.iU(rn.l)G(rn.i!rn.i)x 
x  B  (?„.,)  j  drnU  (?n)  0  (?„_,/?„)  E0e~^n, 


(6.24) 
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}  Further,  we  assume  that  the  complex  refractive  index  for 

I  the  particle  substance  varies  little  at  distances  on  the  order 
i  of  magnitude  of  the  wavelength.  Then,  when  we  evaluate  the 

I  integral  in  (6.24)  using  the  stationary  phase  method,  and 

then  operating  with  the  operator  B  we  can  see  that  by  virtue 
of  the  assumption  which  was  made;  the  second  term  which  is  re-  • 
lated  to  the  operator  grad  div  can  be  ignored.  Since  in  this 
approximation  B  £  j  iTnU  £)  q  '» 

t  differs  only  by  a  Scalar  multiple  from  the  vector  £oe“^-i, 

l  the  procedure  described  above  can  be  continued.  This  is  equiva 
lent  to  setting  the  operator  B  equal  to  *a(4n)_l.  Then  the 

■  transformation  (6.24)  given  our  assumptions  is  analogous  to  the 

i  calculations  made  in  the  corresponding  section  in  Schiff’s  work 

I  [462].  For_this  reason  we  give  here  only  the  final  result  for 
!  the  vector  C: 


C=  -Eq^  j  e-‘ MM dxi dxt x 

x(i_e-f  i 


(6.25) 


-*  ’  rf  J 

where  v?*3*— ««.  and  the  integration  is  over^the  volume  of  the 
particie  and' the  x3  axis  is  oriented  along  k.. 

If  then  in  (6.25)  we  can  ignore  the  second  term. 

Then  the  formula  for  the  components • of  the  diffracted  field 
will  represent  the  well-known  result  of  Kirchhoff  for 
Fraunhofer’s  diffraction. 

It  is  obvious  that  relations  (6.23)  and  (6.25)  in  essence 
extend  the  scalar  approximation  to  large  particles  of  arbitrary 
form.  If  the  exponent  in  the  parentheses  in  (6.25)  is  small, 
then  the  relation  £=(**/4 n):.  x ${/(r)  follows  immediately 

from  (6.25).  In  the  case  of  small  scattering  angles  this 
expression  together  with  (6.25)  is  the  original  expression 
when  the  propagation  of  the  wave  is  analyzed  in  a  turbulent 
atmosphere  (see,  for  example,  [463])  and  when  the  Hans- 
j  Rayleigh  scattering  is  considered  (in  the  terminology  of  [461]). 

\  The  following  expression  for  the  light  attenuation  co- 

;  efficient  o  follows  from  formulas  (6.23),  (6.21)  and  (6.19): 

i 

f 

\ 

|  o  =  2Re  j  ( 1  -  e'T  i  u  <r)  d<*)  dXt  djfj. 
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w  To  illustrate  the  last  relation,  we  will  give  the  ex¬ 

pression  for  the  attenuation  coefficient  of  a  non-absorbing 
ellipsoid  with  a  relative  refractive  index  which  is  close  to 
one. 


T=2~Hsr!+lir)'t4  SK-'m-nx 

"  '  .  n— 0 

.  • 

X  &$?***£*■  2  (-'re-n-SB-AW- 


Here 


z=bVT=T*i 

P  =  ASI(SV  /a); 

b=2k(m-\)lVa\ 

a=*aj’  cos*  a, + a;*  cos*  as + aj*  cos*  a,, 


S  is  the  area  of  the  projection  of  the  ellipsoid  onto  the  per¬ 
pendicular  plane,  v  is  the  volume  of  the  ellipsoid,  ctj  is  the 

angle  between  k  and  j  of  the  principal  ellipsoid  semi-axis 
with  value  a^,  JQ  and  are  Bessel  functions. 

If  k  is  parallel  to  one  of  the  principal  axes  of  the 

ellipsoid,  then  a/8  is  equal  to  the  corresponding  expression  for 

a  sphere  with  a  radius  equal  to  the  length  of  the  semi-axis 

along  which  the  wave  '  incident  on  the  ellipsoid  is  propagated. 

Evidently,  the  last  formula  plays  the  same  role  as  the 
formula  for  the  attenuation  coefficient  by  "soft"  spheres, 
i.e.,  it  describes  qualitatively  accurately  the  behavior  of 
the  attenuation  coefficient  by  ellipsoids  with  arbitrary  di¬ 
mensions  . 

5.  Scattering  Of  The  Nonhomogeneous  Field 

We  will  call  a  wave  the  form  of  which  is  different  from 
that  described  in  paragraph  1  a  nonhomogeneous  wave.  This  can 
either  be  a  nonmoqochromatic  wave  or  a  non-planar  wave  or  a 
wave  with  vector  Bq  which  is  not  constant.  Any  combination  of 

these  reasons  is  also  possible. 
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In  the  case  under  consideration,  all  measured  quantities 
can  be  constructed  from  the  components  of  the  matrix 

<D  (r„  r*,  /j,  /*),  where  r^  and  r2  are  some  arbitrary  points  in  the 

field,  and  t^,  tg  are  arbitrary  instants  of  time.  Formally  ✓ 

the  matrix  D  can  be  written  as' follows.  We  represent  the 
vectors  E  and  1  by  single  column  matrices,  the  elements  of 
which  are  the  components  of  the  vector  in  some  coordinate 
systems.  Such  matrices  will  be  denoted  by  E  and  H.  Then 

D ('«.  tu  it)  =  (E  (?t,  /,)  H(?t,  tt)),  (6.26) 


where  the  bar  above  H  denotes  transpose  matrices  and  the 
symbol  (  )  indicate  that  every  component  of  the  tensor  Efi 
is  averaged  over  time  in  accordance  with  the  rule 

T 

=  l-Jjr  (  fi (ft,  ti  +  l)fi(rt,tt+l)d£, 

T-* oo  Jr 

where  f1  and  f2  are  certain  components  of  E  and  H. 

Next,  we  will  consider  stationary  fields,  for  which  D 
depends  only  on  the  difference  t2  -  t1  which  can  be  decom¬ 
posed  as  follows 


D  (r,t  r„  /„  /,)  =  j  T  (r„  r*.  o)  e~‘«  do,  (6 . 27) 


where  the  components  of  the  matrix  r  are  the  Fourier  coefficients 
of  the  corresponding  elements  in  the  matrix  D.  The  Stokes 
parameters  at  a  point  r  are  constructed  from  the  components  of 
D  when  r  -  r^  -  r2  and  t  -  t^  -  t^  -  0.  The  total  intensity 

for  example,  according  to  (6.26)  and  (6.4)  is  equal  to 

SpD(r,  r,  tlt  /j).  Experimental  procedures  for  determining 

D  [r»  rt,  tu  have  been  discussed  in  [464].  For  example,  the 
components  q  £  7  ^  __  ^  occur  when  interference  is  studied  in 

Junge's  experiment,  and  fi  fa,  r*.  0)  are  needed  to  analyze  dif¬ 
fraction  at  sufficiently  large  aperatures.  In  the  scalar 
variant  D  is  called  usually  the  coherence  function. 
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We  will  now  consider  an  arbitrary  electromagnetic  field 
scattered  by  some  object  [465].  We  assume  that  the  external 
medium  relative  to  the  object  is  nonmagnetic  and  homogeneous 
in  space. 

The  basic  idea  of  the  computations  made  below  is  sufficiently 
well  known.  We  denote  by  f(7,  0  anc*  Fb  (r,  t)  ~ the  electrical 

E  (r,  t)  or  magnetic  H  (r,  t ) .  vectorg  of  the  incident  and  complete 
fields  in  the  object  (t  is  time,  r  are  the  coordinates  of  some 
point).  The  relation  f)  =  t? (r,  t)  determines  the  recipro¬ 
city  operator  f  which  within  the  framework  of  linear  electro- 
dynamic  theory  is  a  linear  operator.  We  must  find  the  operator 
on  the  assumption  that  the  solution  to  the  scattering  problem 
of  a  plane  monochromatic  wave  on  the  object  considered  is  known. 
The  operator  f  can  be  found  by  decomposing  the  incident  field 
into  plane  waves  and  by  using  the  linearity  property  of  t. 

From  llaxwell's  equations  and  the  relation  between  E  and  * 
the  electrical  induction  vector  it  follows  that 


^-■ZlTr-7  J  ^  t)^dT33°'  (6-28) 


where  f(T)  is  the  relaxation  function  (see  for  example  [466]). 

Using;  the  apparatus  of  6-functions,  it  can  be  shown  that 
for  real  F  which  satisfy  the  equation  (6.28)  the  decomposition 


tSt  ®  •)  “iEjr  jf(7.  Oe-'.'+iWjii* 


(6.29) 


holds  where  ’  .  ®€  10,  oo J;  sin  (Mfkfy;  p  and  are  the  coordinates 
of  the  unit  vector  kQ  on  the  unit  spherp,  e  (to)  =  1  +'  (T>  exp  [ icoxl  di 

is  the  dielectric  permeability  at  frequency  ui  and  c  is  the 
velocity  of  light. 
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The  relation  <5^“3£E£0i  ^q,  follows  from  the  condition 

divfssaO  and  the  Maxwell  equations  give  '(£,=*  (-^)*  l*e01-  ’ 

The  last  relations  show  that  (6.2)  represents  a  decomposition 
of  the  incident  field  into  plane  waves. 

The  decomposition  (6.2).  presupposes  that  £  (r,  t) 
can  be  integrated  by  quadratures  with  respect  to  time.  How¬ 
ever,  in  experiments  we  are  often  dealing  with  the  converse 
case,  since  the  measured  values  are  constructed  from  the  com¬ 
ponents  of  the  tensor  D. 

Following  [464]  we  can  introduce  the  function 


(’M  0  ,  \t\>T, 


(6.30) 


which  can  be  integrated  by  quadratures  for  which  the  tensor 
Fpq  coincides  with  the  corresponding  tensor  for  the  function 

F.  We  will  assume  that  the  procedure  which  was  described  has 
always  been  carried  out. 

After  commutation  of  f  with  the  integral  symbol  in  (6.29) 
it  will,  in  fact,  act  on  the  plane  monochromatic  wave.  During 
scattering  of  such  waves  the  field  inside  the  object  consists 
of  the  incident  and  scattering  fields,  i.e.,  t=3p  +  7'ot 

wher$  P  is  an  operator  which  does  not  change  the  plane  wave 
and  Tft  is  the  scattering  operator.  The  latter  is  defined 

usually  as  follows  (see  [461 ]  and  para.  2).  The  following 
^iel^is ^represented  in  a  coordinate  system  with  the  orths 
gj,  g2>  83,  where  g^  is  perpendicular  to  the  plane  containing 

the  vector  kQ  and  the  vector  r  which  connects  the  origin 

of  the  coordinate  system  and  the  point  at  which  the  sgatte^ing 
field  is  observed,  g2  is  parallel  to  this  plane,  and  g3  -  kQ. 

The  components  of  the  scattering  £ielg  are  then  obtained  in 
the  coordinate  system  with  orths  m2,  mg,  where  m3  - 

m  rj*  7/1  r  |,  and  the  vector  m^  is  perpendicular  to  and  m2  is 

parallel  to  the  plane  described  above. 
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In  relations  (6.26)  -  (6.30)  all  vectors  are  gefined  in 
an  arbitrary  coordinate  system  with  orths  1^,  1 g»  ly  with 

origin  at  the  center  of  the  scattering  object.  Therefore,  in 
this  system  the  scattering  operator  is  ta =  N^fgM,  where 

Tg  is  the  scattering  operator  for  the  plane  wave  in  the  system 

gj,  g2>  gy  and  M  is  a  transformation  which  transforms  a  given 

vector  in  k-space  from  the  systen.  c  (Tj.7,,  7,).  into  the  system  .(ft,  ft,  ftjand 

N  is  the  transformation  which  transforms  this  vector  from  the  system 

(7lt  7t,Ta) ,  into  the  system  \(mu  mt,  ms)%  .  It  can  be  shown  that 
the  energy  of  the  field  is 'invariant  with  respect  to  these 
transformations,  i.e.,  after  the  appropriate  transformation 
the  field  is  equivalent  to  the  original  field. 


To  be  able  to  introduce  in  the  usual  manner  the  operator 
matrices,  we  will  represent  the  vectors  by  single-column 
matrices,  the  elements  of  which  are  the  components  of  the 
vectors  in  the  system  '  (?It  73),  Then,  from  the  relations 

(6.29)  and  (6.30)  and  the  expression  for  the  scattering  opera¬ 
tor  in  (7lf  Tt>  7a)'  it  follows  that 


Ft  (7,  t)  =  F  (7,  t) +-gr  J  u{*' ,7)  (<o,  ko,  7)  F (7\  n  X 

x  cuV-i««-n  Jkdu  dr'  dt  sf+f., 


where  F,  Ffa  are  matrices  which  correspond  to  f  and  Fb,  U  - 

^  .  N  and  ft  are  invariant  matrices  of  the  operator 

ft  and  M,  written  in  explicit  form  below  n 

is  the  matrix  of  the  operator  Tg  in  the  system  (ft,  tft,  ft). 

The  last  matrix  is  equal  to ,  if  by  F  we  mean  B,  and 

h  T$\  when  $  denotes  the  vector  H.  The  matrices  T& 

and  T^)  *.  are  determined  when  the  Maxwell  equations  are 
solved,  which  are  obtained  after  the  time  multiplier  has  been 
eliminated. 

In  the  derivation  of  (6.31)  we  must  take  into  account 
the  fact  that  the  action  of  the  scattering  operator  on  the 
complex  conjugate  terms  in  (6.29)  leads  to  complex  conjugate 
expressions  for  the  scattering  field.  This  can  be  shown  by 
using  the  integral  equation  for  the  scattering  amplitude 
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described  in  paragraph  4. 


We  Tvill  denote  by  D.  and  DQ  the  matrices  D  for  the  com¬ 
plete  aau  incident  fields. 

Substituting  (6.31)  into  the  definition  for  D  and  ignoring 
terms  which  contain  in  the  integrand  the  factor  exp  li  (o' +  o')/|, 

we  obtain  the  relation: 

Db »  Re  Jim  J  U*'  (©',  ?,)  E  (7\  V)  x 

X  H  {?,  n  Ua7>+(( o’,  k‘t,  7t)  X 

X  dk'  dk’  dr'  dr’  do'  do'd/'d/'d£+ 

+  l2 HFRe  T-*CO  ^  iy  ^  1  ^ 

X  U{*)+ (o',  k"a,  7t)  dik'd 7"  da"  d$  + 

T  - 

+  2  Re  lira  4r  (  U(E»  (o',  k‘,  7t)  E  (?,  i ,  H  <£,  /,+*)  X ' 

("V*  T-.oa  JT 

x  eiifv-<tt‘<«'-ii-y  dk'  d7'  do'  dr  d% + Dg. 

Here  and  below  the  symbol  "+"  in  the  matric  Uv  '  denotes 
Hermitian  conjugation. 

After  the  change  of  variables1  /'  =*  t'  +  1.  C  ■*  ***+ 1%  %  — 

using  the  spectral  decomposition  of  D0  and  integrating  with 
respect  to  t*  ,  tm,  oj*  and  id",  we  obtain 

Db=wRe5 uil>{<0'  *»•  '*> r^'  ®)  x 

x  U™  +  (o,  k"0,  7t)  dk'  dk"  dr'  dr’  do  + 

+ -jjjr  Re  j  r  (r\,7’ ,  o)  (o,  k"0,  7Z)  e- ^+t«K‘i-«D  x  (6 . 32) 

X  dk’  dr"  dw-f  — j-Re  j  U{E)  (o,  k'0,  7,)  x 
X  T  (?,  r„  o)  di?  dr'  do + D0. 
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In  the  case  of  functions  which  can  be  integrated  by  quadratures 


rM  (r\  ?,  <o) «  Ep  (r\  o)  ©). 


In  the  contrary  case 

r„,  (r\  r\  a)  -  litn-^r  E{P  (r',  <o)  //f 1 *  (?,  «*>). 

(T) 

Here  E  .  E'  ,  H„,  H'  7  are  the  Fourier  coefficients  of 

P  p  q  /h,\ 

the  components  B.  Ew  and  H,  H'TJ f  and  the  symbol  *  denotes 
complex  conjugation. 

The  explicit  fora  of  the  matrices  of  the  operators  ft  and 
ft  can  be  obtained  from  the  relations 


gt  (sin  a)r*  (&xrol, 

gf-  (sina)*1  (£0X  [l  X  r0]],  gs=/?0. 

m,  =  (sina)'1(*oXr0l, 

m2  =  (sin  a)-1  ([^  X  r0)  X  r^l,  m3  ■*  r*0. 


More  detailed  expressions  are  given  in  [465]. 

6.  Laws  Which  Govern  The  Scattering  Of  Visible  And 
Infrared  Waves  By  A  Single  Spherical  Particle 

1 .  Attenuation,  S°f t tering  and  Absorption  Efficiency 

Factors.  When  the  scat  .ing  of  electromagnetic  waves  by a 

spherical  particle  is  studied,  the  concepts  of  attenuation 

efficiency  K,  scattering  efficiency  K  and  absorption  ef- 

8 

ficiency  Kft  are  introduced: 


/C  = 


JJp. 

na* 


(6.33) 


Key:  a.  s 
b.  a 
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The  functions  K,  K_  and  Kn  as  can  be  seen  from  (6.33)  and  the 

S  ft 

definitions  for  the  coefficients  o,  o_  and  o_  given  in 

paragraph  3  are  numerically  equal,  respectively,  to  the  ratio 
of  the  attenuated,  scattered  and  absorbed  energy  of  the 
particles  to  the  energy  on  its  geometrical  cross  section  Tra2. 

1.  Analytical  expressions  for  the  functions  K, 


General  formulas  for  K,  K  and  K„  are  obtained  from  the 

’  s  a 

Mi  theory  which  is  discussed  systematically  and  in  detail  in 
the  monographs  of  K.  S.  Shifrin  [467]  and  G.  Van-de-Huest 
[461  ].  The  expressions  for  the  functions  K,  K  .  K_  are  in- 

5  ft 

finite  series,  and  K,  Ke  and  K  are  functions  of  two  variables 

S  ft 

which  characterize  the  relative  dimension  p  and  the  relative 
refractive  index  m  of  the  particle: 


p 


(6.34) 


(6.35) 


where  X  is  the  wavelength  of  the  scattering  radiation,  m^  and 
m2  are  the  complex  refractive  indices  of  the  particle  and  the 
medium. 

Applied  to  radiation  scattering  conditions  in  the  atmosphere, 
the  relative  complex  refractive  index  can  be  considered  to  be 
equal  to  the  refractive  index  of  the  particle,  i.e.,  we  can 
set  =  =  n  —  lx,  where  n  is  the  usual  refractive  inde?c,  k 

is  the  absorption  inuex  of  the  particle  substance. 

In  a  number  of  asymptotic  cases  expressions  in  finite 
form  are  used  for  the  functions  K,  K_  and  K. .  Some  of  the 

5  ft 

asymptotic  formulas  which  we  will  use  later  are  given  below. 

1.  Small  Particles.  By  small  particles  we 
mean  particles  for  which  *  p  <  1.  In  this  case  when  the  asymp¬ 
totic  formulas  for  K  and  K  are  derived,  a  Bessel  and  Hankel 

s 
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expansion  is  used  in  powers  of  p  in  the  expressions  for  K 
and  Kg.  For  various  |m|  various  formulas  are  obtained.  We 

are  interested  in  the  case  when  |m|  is  small  for  which  the 
following  formulas  were  derived  in  [467]  and  [468]: 


/C(P,m)=  2  P„pn,  Pi  =  4Im = 

n»l  1 

Ps  =  2  Im  £7 


— 2(m«— 1)  (m«-2)  ,  m»-l  jM  1 


(m«+2)« 


■  mi - 1  Ml'  •  i 

'  15  3  (2m*+3)J  ’ 


3  m*-l  m* + 20m1 — 200m1 + 200 


Pj-2Im  (175ma  +  2  «»-2 

1  m«  — 1  (2m»-3) 


86  3m® +4 


315 


-)* 


(6.36) 


Letting,  in  (6.37),  x  =  0,  we  obtain 

^(P.  m)>=/(^(p,m)«4p«(/jj=i)3.  (6.37) 


Key:  a.  s 


It  can  be  seen  from  (6.37)  that  in  this  special  case  the  scat¬ 
tering  coefficient  for  one  particle,  if  its  real  refractory 
index  is  considered  to  be  constant,  is  inversely  proportional 
to  the  fourth  power  of  the  wavelength  as  in  the  case  of 
molecular  (Rayleigh)  scattering.  In  other  cases  the  relation 
is  very  complex,  and  does  not  resemble  the  following  relation 
based  on  the  well-known  Rayleigh  law. 

The  expressions  for  K(p,m)  and  K_(p,  m)  for  large  m 

s 

and  m  =  *  are  given  in  [461]  and  [467], 

2.  Large  Particles.  Particles  for  which  ^P>  1- 
are  called  large  particles.  The  analysis  of  the  problem  when 
the  Mi  formulas  are  used  directly  is  extremely  difficult  in 
this  case,  since  in  the  sums  we  must  preserve  as  Debye  has 
shown  all  terms  with  n  equal  from  1  to  p.  For  example,  in  the 
case  of  raindrops  we  must  preserve  several  thousands  of 


terms.  K.  S.  Shiffin  [469]  analyzed  this  case  for  a  trans¬ 
parent  particle  when  he  considered  a  scattering  field  con¬ 
sisting  of  geometric  optical  and  ray  beams  which  vere 
difracted  on  the  surface  of  the  drop.  Using  arguments  for 
the  case  of  an  absorbing  particle  which  are  analogous  to  those 
given  in  [469]  we  can  obtain  for  K(p,  m) 


K  (p,  m)  =  2 


8Vrti_x»  n 
(n+ !)»-}-  x*  n—  1  X 


X 


t-2p* 

_____ 


2p(n— 1)— 2arctg 


Vn»  +  X»  * 

yP+x*-H  V«*+x*+» 
% 


(6.38) 


For  transparent  particles  we  have  from  (6.38) 

/Cffp,m)~2—  — sin  [2p(n  — 1)).  (6.39) 


Key :  a .  s 


It  follows  from  (6.38)  and  (6.39)  that  in  the  case  when 
p  -•  *  the  functions  K  and  Kg  tend  to  2.  This  means  that  in 

the  limit  large  particles  scatter  twice  as  much  radiation  as 
the  amount  of  radiation  incident  on  their  geometrical  cross 
section. 

3.  Particles  with  |m  -  l|  -♦  0  ("soft”  particles). 
This  case  is  studied  in  detail  in  [461],  ¥e  note  that  water 
particles  and  watery  aerosol  particles  can  be  considered  with 
sufficient  accuracy  for  all  practical  purposes  as  "soft*' 
particles. 

In  [461]  a  sufficiently  simple  and  convenient  formula  was 
derived  for  large  "soft”  particles  (p>  I): 


/((p,  m)  =  2— 4e  pl*p  p'^sin(p'— {})  — 
-  *-.•  CM  (p-  — 2P)+4  (C-|S)*=M>  p, 


(6.40) 


where 
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(6.41) 


p'  =  2p (n  — 1);  tgP  =  ~7, 
and  for  a  transparent  particle: 

#p\pi'n)=2— -jp-sinp'-f~(l  —  cosp').  (6.42) 


Key:  a.  s 


Expressions  (6.40)  -  (6.42)  reproduce  sufficiently  well 
the  behavior  of  the  curve  K  and  K  (including  also  small  values. 

of  p)  obtained  from  the  tabular  values  of  the  exact  Mi  formulas. 

2.  Results  of  the  Tabulation  of  the  Functions  K,  Kg, 
and  K 

a 


In  the  case  when  neither  of  the  two  conditions  considered 
above  are  satisfied,  the  functions  K,  K_  and  K  can  be  ob- 

S  n> 

tained  only  on  a  basis  of  a  calculation  of  the  exact  Mi 
formulas.  When  this  is  done,  to  ensure  that  the  calculations 
are  carried  out  with  sufficient  accuracy,  terms  of  order  p 
must  be  preserved  in  the  series.  The  calculations  are  very 
unwieldy;  therefore,  until  the  appearance  of  high  speed 
electronic  computers,  the  calculations  were  carried  out  only 
for  selected  values  of  the  parameters  m  and  p. 

Because  of  the  great  interest  in  the  data  about  the  func¬ 
tions  K,  K0  and  K  .  on  behalf  of  specialists  in  various  branches 

of  science,  primarily  chemists,  geophysicists,  meteorologists, 
comparatively  many  calculations  have  been  carried  out  at  the 
present  time  for  various  values  of  m  and  p.  The  vast  majority 
of  calculations  were  carried  for  real  refractive  indices: 

,  '<0,60  <m<  2,105  and  ®  "  *• 

For  us,  of  greatest  interest  are  the  results  of  the  cal¬ 
culations  when  the  functions  K,  K  and  K  were  calculated  for  . 

s  a 

atmospheric  aerosol  particles,  primarily  for  water  particles, 
the  refractive  index  of  which  in  the  visible  region  is  so  small 
in  comparison  with  the  refractive  index  that  itcan  be  ignored. 

It  is  usually  assumed  that  water  in  the  visible  region  of  the 
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spectrum  has  a  real  refractive  index  and  in  the  infrared  region 
a  complex  index  (see  Chapt .  7) . 

The  most  complete  data  about  the  functions  K,  K  and  K. 

s  «- 

when  applied  to  atmospheric  aerosol  particles  were  obtained  in 
articles  [470  -  483].  References  to' other  studies  can  be 
found  in  the  sources  indicated  in  monograph  [l]. 

Figures  6.1  -  6.20  give  the  most  characteristic  results 

for  the  calculation  of  the  functions  K.  K  and  Kn  which  were 

’  s  a 

obtained  by  various  authors. 


x 

2,0 

1,2 

0,8 

0 


Fig.  6.1.  The  function  K,  the  asymmetry  factor  of  the 
scattering  indicatrix  (cos  0>  and  light  pressure  cross 
section  for  dielectric  spheres  with  m  =  1.20  ac¬ 
cording  to  the  data  in  [477] 

The  calculations  were  carried  out  for  p  -  0.5  (0.1) 

10  (0.05)  20  (0.025)  30 

Key:  a.  p 


It  can  be  seen  from  Fig.  6.1  -  6.3  that  the  dependence 
of  K  on  the  parameter  p  for  transparent  dielectric  media  with 
values  of  m  from  1.20  to  1.50  is  characterized  by  the  presence 
of  a  series  of  large  scale  and  a  large  number  of  small  scale 
maxima.  These  maxima  owe  their  origin  to  the  interference 
nature  of  the  electromagnetic  wave  scattering  phenomenon  on  ' 
the  particles. 

Calculations  of  the  factor  with  step  size  k 
which  were  carried  out  by  Irwine  [477]  have  shown  that  the 
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small  scale  maxima  were  detected  throughout  up  to  the  values 
P  “  50  and  p  -  100  (Figs.  6.4  and  6.5). 

The  functions  K,  K_  and  X0  were  calculated  for  spheres 

with  refractive  index  n  »  1.01,  1.33,  1.5,  2  and  absorption 
index  x  *  10“’,  10”*,  10“*-  and  10  for  values  of  p  from  0  to 
30  by  Plass  [479]  (see,  for  example,  Figs.  6.6  -  6.11). 


Fig.  6.2.  The  function  K,  the  asymmetry  factor  <cos  0) 
of  the  scattering  indicatrix  and  the  light  pressure 
cross  section  Klp  for  dielectric  spheres  with  m  -  1.33 

according  to  the  data  in  [477]. 

'  The  calculations  were  carried  for  p  <*  0.5  (0.1)  10 
(0.05)  20  (0.025)  30 

Key:  a.  Ip 

In  Figs.  6.6  ?.nd  6.7  together  with  the  exact  values  of 
the  function  K&  the  approximate  values  are  plotted  which  were 

obtained  from  the  Van-de-Huest  formula  [467]: 

2Q  (4px),  (6.43) 


Key:  a.  a 

where 

Q  (<*>)= -f  a'‘e-w + a*1  (e-“  -  !)•  (6.44) 
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Fig.  6.3.  The  function  K  and  the  light  pressure  cross 
section  Klp  for  dielectric  spheres  with  m  *  1.5  ac¬ 
cording  to  the  data  in  [477] 

The  calculations  were  carried  out  for  p  =  0.5  (0.0) 
10  (0.05)  20  (0.025)  30 

Key:  a.  Ip 


Fig.  6.4.  The  function  K,  the  asymmetry  factor  of  the 
scattering  indicatrix  (cos  9)  and  the  light  pressure 
cross  section  for  dielectric  spheres  with  m  -  1.33 

for  p  =  50(0.01)  51  according  to  the  data  in  [477]. 
Key:  a.  Ip 
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Fig.  6.7.  The  functions  Ka  for  spheres  with  n  =  1.5  and 

k  -  10“4,  10"2,  10  ,  1,  10  and  various  p  calculated  by 

Plass  [479]  using  the  exact  Hi  formulas  (solid  lines) 
and  the  approximate  formula  (6.43) 

Key:  a.  a 


In  Figs.  6.10  and  6.11  the  exact  and  approximate  values 
of  the  function  K  are  plotted  as  in  Figs.  6.6  and  6.7.  These 
were  calculated  using  the  approximate  yan-de-Huest  formula 
(6.40). 

The  effect  of  the  quantity  k  on  the  value  of  the  functions 

K  and  K  for  various  n  is  illustrated  in  Figs.  6.12  -  6.17. 
a  9 

Figures  6.18  -  6.20  show  the  functions  K,  Kft  and  Kg  for 

water  spheres  with  values  of  p  from  0  to  30  and  three  wavelengths 
X  -  4,  6,  10  |i  according  to  the  data  in  article  [474]. 
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Fig.  6.8.  The  function  K_  vs  p  according  to 

s 

[479]  for  spheres  with  n  -  1.33  and  k^10~ 
1,  10 

Key:  a.  s 


Fig.  6.9.  The  function  K_  vs  p  according  to 

[479]  for  spheres  with  n  *  1.5  and  10“* 
1  and  10. 


the  data  in 
,  io-2,  lO"1, 


the  data  in 
10“2,  10"1, 


Key:  a,  s 


Fig.  6.10.  The  function  K  vs  p  according  to  the  data  in 
[479]  for  spheres  with  n  -  1.33,  h^IO'4,  10"^,  10”1, 
1,  10,  calculated  using  the  exact  Mi  formulas  (solid 
lines,  left  ordinate  axis)  and  the  approximate  formula 
(6.40) . 


A  knowledge  of  the  values  of  the  functions  K,  KD  and  K„ 

is  of  interest  in  those  cases  when  the  atmospheric  aerosol 
particles  (for  example,  in  the  case  of  smoke)  can  be  considered 
as  two-layer  or  multi -layer  spheres.  The  corresponding  cal¬ 
culations  were  carried  out  in  articles  [484  -  487].  In 
[486]  K,  K0  and  K„  were  calculated  for  two-layer  spheres  with 

a  black  soot  nucleus  and  a  water  shell.  The  data  obtained 
from  the  calculations  are  given  in  the  form  of  graphs  of  the 
functions  K  for  values  of  p  from  0.1  to  250  and  various  values 
of  the  ratio  of  the  radii  of  the  particle  and  nucleus.  An 
analysis  of  the  results  obtained  has  shown  that  if  the  radius 
of  the  nucleus  is  smaller  than  0.1  of  the  radius  of  the  entire 
sphere,  the  particle  can  be  considered  to  be  a  one-layer 
particle.  In  [487]  a  homogeneous  spherical  nucleus  was  studied 
which  was  surrounded  by  concentric  shells  with  various  values 
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of  the  refractive  index.  It  has  been  shown  that  the  concentric 
spheres  mentioned  can  be  replaced  by  a  homogeneous  shell  with 
the  value  of  the  refractive  index  equal  to  the  mean  value. 


Fig.  6.11.  The  function  K  vs  p  according  to  the  data  in 
[479]  for  spheres  with  n  =  1.5,  k^IO”*,  10”2,  10”*1,  1, 

10  calculated  using  the  exact  formulas  (solid  lines,  left 
ordinate  axis)  and  the  approximate  formula  (6.40) 


The  results  of  the  calculations  of  the  functions  K,  Kg, 

and  which  were  considered  above  were  obtained  for  a  normal 
a 

temperature.  The  exact  calculation  of  the  attenuation  of 
visible  and  infrared  waves  on  atmospheric  aerosol  particles, 
generally  speaking,  requires  that  these  functions  be  known 
at  various  temperatures.  However,  the  corresponding  calcula¬ 
tions  have  so  far  not  been  carried  out  because  no  data  is 
available  in  the  literature  about  the  relation  between  the 
complex  refractive  indices  of  atmospheric  aerosols  and  the 
temperature.  There  is  only  one  study  made  by  Plass  [488]  in 
which  the  functions  K_  and  K_  were  calculated  for  spherical 

S  cL 


Fig,  6.12,  The  function  Kn  vs  k  for  spheres  with  p  »  0.1 

A 

for  various  values  of  n  according  to  the  data  in 
article  1480] 

Key:  a.  a 
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Fig.  6.13.  The  function  Ka  vs  k  for  spheres  with  p 

for  various  values  of  n  according  to  the  data  in 
article  [480] 


Fig.  6.16.  The  function  K_  vs  h  for  spheres  with  p  «  1.0 

s 

for  various  values  of  n  in  accordance  with  the  data  in 
article  [480] 

Key:  a.  s 


Fig.  6.17.  The  function  K_  vs  k  for  spheres  with  p  =  10.0 

S3 

for  various  values  of  n  in  accordance  with  the  data  in 
article  [480 ] 

Key:  a.  s 
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aluminum  oxide  particles  in  the  temperature  range  1200  -  2020°C. 
The  radius  of  the  particles  and  the  wavelengths  varied  from 
0.1  to  10  ^  and  from  0.5  to  6.0  (i,  respectively.  It  turned  out 
that  K.  varies  for  the  wavelength  X  -  2  p  40  times  as  much  when 

ft 

the  temperature  changes  from  1200  to  2020°C. 

For  the  wavelength  0.5  and  6.0  p  Ka  in  the  same  temperature 

ft 

range  increases  7  and  2  times  as  much.  The  function  Kg  varies 

under  these  same  conditions  only  from  5  to  15%  for  various  wave¬ 
lengths  . 


Fig.  6.18.  The  functions  K,  K_  and  K.  for  water  spheres 

S  ft 

with  values  of  p  from  0  to  30  and  wavelengths  X  «  4  p 
in  accordance  with  the  data  of  Herman  [474] 

Key:  a.  s 
b.  a 


Fig.  6.19.  The  functions  K,  Kg  and  K&  for  water  spheres 

with  values  of  p  from  0  to. 30  and  wavelengths  X  =  6  p 
according  to  the  data  of  Herman  [474] 

Key:  a.  s  b.  a 
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Fig.  6.20  The  functions  K,  K  and  K„  for  water  spheres 

S  a 

with  values  of  p  from  0  to  30  and  wavelengths  X  =  10  p 
according  to  the  data  of  Herman  [474] 

Keys  a.  s 
b.  a 


Approximating  Expressions  for  the  Function  K.  A 
number  of  authors  found  approximating  expressions  for  the  re 
lation  between  the  function  K  and  m  for  various  values  of  m. 
L.  M.  Levin  [358]  obtained  the  corresponding  formula  for 
K(p),  when  p  were  arbitrary  and  m  =  1.33  (water  spheres  in 
the  visible  region  of  the  spectrum) . 

Deirmenjian  [489]  selected  an  approximating  expression 
for  the  function  K(p,  m)  which  holds  for  any  p  and  complex 
m,  which  satisfy  the  condition  In  [489]  K  is 

written  in  the  form 


K=(l+D)Ki, 


(6.45) 


where  K,  is  a  function  determined  from  formulas  (6.40),  (6.42)  and 
(1  +  Djis  the  approximating  multiplier. 

The  function  D(p,  m)  is  expressed  as  follows: 
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1  5(«— 1) 


1  —  2rt  -1,08 


I^(P)-M1  5(b— l)d(Pi * 


5(»-i)<p'<TT^r:  <6-46> 


n  «-■  JIW-M  «■«  <•”  . 

^s_  2n  l-(-3tgp  l+3tgp  l  +  tg£  ’ 


Di  = 


n—  1  d(fi)  -f- 1 40,8 


4,08 


iS  D'-^ _ 

P'  ’  P  ^l  +  tgp  ’ 


2n 

rf(P)»(l+tgP)(l+3tgP). 


The  values  of  p’  and  £  are  determined  from  formulas  (6.42). 

It  is  shown  in  [489]  that  the  functions  K(p,  m)  which  were 
obtained  with  the  aid  of  (6.45)  and  (6.46)  approximate  the 
data  calculated  by  Johnson  and  Terrell  [470]  using  the  exact 
Mi  formulas  with  an  error  not  exceeding  4%.  We  note  that  in 
[470]  K(p,  m)  was  calculated  up  to  p  =  17.5.  The  comparison 
of  the  computational  results  using  formuas  (6.45)  and  (6.46) 
and  the  asymptotic  formula  (6.38)  which  we  made  has  shown 
that  the  accuracy  of  the  approximation  mentioned  above  is 
preserved  for  p  >  17,5, 

2.  Scattering  Indicatrices.  To  characterize  the  proper¬ 
ties  of  a  particle  which  scatters  the  ray  under  various  angles 
from  the  direction  of  the  incident  wave,  we  can  Introduce  the 
concept  of  the  scattering  coefficient  of  the  particle  in  a 
given  direction.  However,  in  practice,  to  characterize  the 
three-dimensional  radiation  by  a  particle,  the  concept  most 
often  used  is  the  scattering  indicatrlx  f(9)  or  the  angular 
scattering  function  given  by  the  ratio  of  the  radiation  in¬ 
tensity  scattered  by  the  particle  in  a  given  direction  to 
the  energy  flux  scattered  in  all  directions: 


f  (Q)  —  L  w 
)  l  I  (0)  <fo>  * 

4« 


(6.47) 


where  1(0)  is  the  intensity  of  the  light  scattered  by  the 
particle  in  the  direction  of  the  angle  0,  and  du>  is  an  element 
of  the  solid  angle. 
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Many  studies  dealing  with  the  calculation  of  the  scat¬ 
tering  indicatrices  of  spherical  particles  with  various  di¬ 
mensions  and  various  wavelengths  in  the  visible  and  infrared 
spectrum  are  available  for  which  a  bibliography  can  be  found 
in  monograpls  [461,  467  and  l]. 

At  the  present  time  the  scattering  indicatrices  of 
particles  have  been  calculated  for  various  real  values  of  the 
refractive  index.  Calculations  for  particles  with  a  complex 
refractive  index  in  which  both  the  refractive  index  and  the 
absorption  index  vary  in  a  wide  range  have  only  been  carried 
out  very  recently.  The  most  complete  and  sufficiently  accurate 
data  were  obtained  by  K.  S.  Shifrian  and  I.  L.  Zel’manovich 
[481,  482]. 

In  [481]  the  angular  scattering  functions  were  tabulated 
for  values  of  the  angles  equal  to  0°  (0,1°)  5°  (1°)  90°  and 
in  the  region  of  the  first  water  drop  rainbow  135  -  140° 
with  the  step  0.2°.  In  [482]  the  values  of  all  components 
of  the  scattering  matrix  and  the  components  of  the  field  of 
the  scattering  wave  are  given  for  water  drops  in  the  visible 
and  infrared  regions  of  the  spectrum.  Using  tables  [482], 
we  can  find  all  characteristics  of  the  scattering  field  in¬ 
cluding  the  scattering  indicatrix,  the  degree  of  polarization 
and  the  polarization  eccentricity.  Tables  [482]  contain  the 
data  mentioned  above  for  12  spectral  sectors  in  the  0.4  -  12  p 
wavelength  range.  The  wavelengths  were  selected  so  that  all 
values  of  the  complex  water  refractive  index  in  the  entire 
range  are  covered  with  known  approximations. 

All  characteristics  of  the  scattering  fields  were  calcu¬ 
lated  for  51  values  of  the  parameter  p  =  0.5  (0.5)  6  (1) 

20  (2)  50  (5)  100  and  43  values  of  the  scattering  angle  9=0, 
0.05,  0.1,  0.2,  0.5,  1,  2,  5,  10  (10)  130,  135  (0.5)  140  (10) 
170,  175,  178,  179,  179.5,  179.8,  179.9,  179.95,  180°.  Thus, 
for  small  forward  and  back  scattering  angles  very  detailed 
data  were  obtained. 

We  note  that  the  values  of  AX  given  by  the  authors  of 
[482]  must  be  corrected  considerably  in  accordance  with  the  new 
data  for  the  components  n  and  h  for  the’  complex  refractive 
index  of  water  which  we  obtained  in  our  study  (see  Chap.  7) 
and  which  are  given  in  supplement  2. 

Penndorf  [490]  analyzed  the  behavior  of  the  function 
i^  +  ig,  in  the  expression  for  the  attenuation  coefficient  and 

the  scattering  indicatrix  of  the  particle  for  the  angles  0=0, 
90  and  180°  when  m  =  1.33.  As  a  result  of  the  analysis  he 
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discovered  that  this  function  oscillates  considerably,  depending 
on  the  value  of  p.  The  frequency  and  amplitudes  of  these  os¬ 
cillations  increases  as  the  angle  0  increases.  Thus,  if  for 
0=0  the  amplitude  of  the  oscillation  is  taken  to  be  equal  to 
0.1,  then  for  the  angles  90  and  180°  it  increases  to  5  and  500, 
respectively.  We  note  that  the  discovery  of  the  oscillations 
which  were  mentioned  was  possible  because  the  calculations 
were  carried  out  with  a  very  small  step,Ap  =  0,l. 

We  will  consider  the  analytical  representation  of  the 
scattering  indicatrix  of  spherical  particles.  Clark  [491] 
expressed  the  scattering  indicatrix  in  terms  of  Legendre 
polynomials  Pn(cosO): 


/(0)  =  1+  2a«<(>)Pn(cosO) 

n-i 


(6.48) 


and  calculated  the  coefficients  (p) 
for  values  of  p  from  1  to  30  and  m  =  1.33. 

For  the  scattering  indicatrix  of  large  particles  K.  S. 
Shifrin  obtained  the  approximate  formula  1467]: 


(6.49) 


where  t(0)  is  the  part  of  the  indicatrix  induced  by  geometric  °P* 
tical  beams  which  was  calculated  in  [467]  with  the  step  size 
A0  =  5°  for  spheres  with  m  =  1.33,  and  ^  is  a  Bessel  function. 

In  conclusion  we  will  describe  qualitatively  the  variation 
in  the  character  of  the  indicatrix  of  a  spherical  particle 
which  depends  on  its  dimensions  and  the  values  of  the  com¬ 
ponents  of  the  complex  refractive  index.  Small  particles  with 
m  ~  1  and  p~  0  have  a  symmetric  Rayleigh  indicatrix,  small 
particles  with  m  =  »  indicate  that  back  radiation  is  con¬ 
siderably  larger  than  forward  radiation.  We  note  that  for  at¬ 
mospheric  aerosols  in  the  visible  region  of  the  spectrum 
various  authors  assume  a  value  of  m  which  lies  in  the  interval 
1.33  -  1.5  [423,  492,  820]. 

As  the  quantity  p  increases  from  0  to  ®,  the  scattering 
indicatrix  of  atmospheric  aerosol  particles  continuously  changes 
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its  form,  and  becomes  more  and  more  asymmetric  and  skewed 
forward  (the  Mi  effect).  The  following  numerical  example 
is  given  in  [492]  which  illustrates  this  fact.  For  particles 
with  m  =  1.5  and  radius  a  =  0.5,  1.5,  5.0  and  12.5  p,  the 

ratio  of  the  radiation  fluxes  with  wavelengths  0.5  p  (p  =  6.28, 
18.84,  62.8  and  157)  scattered  forward  and  backward  is  equal 
to  17,  74,  823  and  16  000.  This  ratio  is  often  called  the 
asymmetry  coefficient  of  the  indicatrix. 

A  considerable  effect  is  exerted  on  the  picture  in  which  the 
scattering  indicatrix  changes  with  the  change  in  the  dimensions 
of  atmospheric  aerosol  particles  by  the  complex  value  of  the 
refractive  index  of  the  particles  and  the  oscillations  in 
the  intensity  of  the  radiation  scattered  at  various  angles 
which  were  discovered  by  Pendorf  and  which  depend  on  p,  0  and 
m. 

7.  Light  Scattering  By  Non-Spherical  Particles. 

Although  many  investigators  note  that  the  form  of 
most  atmospheric  aerosols  can  be  approximated  by  spheres,  this 
problem,  nevertheless,  deserves  special  attention,  since 
dust  particles,  ice  crystals  and  crystalline  cloud  particles 
have,  in  fact,  an  arbitrary  form.  The  knowledge  of  the  effect 
of  the  form  of  the  particles  on  their  optical  properties  is 
important.  Many  results  dealing  with  this  question  were  ob¬ 
tained  and  collectedin  G.  Van-de-Huest 's  monograph  [461] 
ellipsoids,  circular  cylinders,  circular  discs  and  also  particles 
with  other  forms  with  different  p  and  m  and  orientations  rela¬ 
tive  to  the  incident  radiation.  K'.  5.  Shifrin  [467]  studied 
the  optical  characteristics  of  rod  and  disc-like  particles 
which  were  approximated  by  ellipsoids. 

An  analysis  of  the  available  results  shows  that  the  op¬ 
tical  characteristics  of  particles  of  various  forms  depend 
to  a  considerable  extent  on  the  ratio  of  the  maximum  and 
minimum  dimensions  of  the  particles,  and  their  orientation 
relative  to  the  incident  radiation,  the  polarization  degree 
of  the  latter,  and  also  the  values  of  the  complex  refractive 
index.  For  example,  for  a  strongly  elongated  transparent 
bar  all  linear  dimensions  of  which  are  much  smaller  than  the 
wavelengths,  the  ratio  of  the  scattering  coefficients  with 
the  orientation  against  the  field  and  along  the  field  is  equal 
to  6.25,  when  m  =  2  and  1.64  when  m  =  1.64  [461 ].  Naturally 
for  such  an  absorbing  bar  the  ratios  will  be  different.  A 
change  in  the  dimensions  of  the  bar  will  entail  also  correspond¬ 
ing  changes  in  the  ratio  under  consideration. 
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The  optical  characteristics  of  particles  with  various 
forms  can  differ  considerably  from  the  optical  characteristics 
of  a  spherical  particle  with  the  same  volume.  Therefore,  the 
results  of  the  Hi  theory  must  be  applied  with  extreme  caution 
to  non-spherical  particles.  On  the  other  hand,  if  the  form 
of  the  particle  does  not  differ  very  much  from  the  spherical 
form  (for  example,  ellipsoids  with  the  ratio  of  the  semi¬ 
axes  up  to  1.5  -  2,  cubes,  cylinders  in  which  the  ratio  of 
the  height  to  the  diameter  is  close  to  one,  etc.),  such 
characteristics  as  the  scattering  indicatrix,  the  attenuation, 
scattering  and  absorption  coefficients  .will  not  differ  very 
much  from  the  corresponding  characteristics  of  a  spherical 
particle  with  the  same  volume. 

We  will  indicate  an  important  practical  way  in  which  the 
results  of  the  Mi  theory  can  be  used  for  non-spherical  par¬ 
ticles.  If  we  average  some  optical  characteristic  of  the 
particle  over  ail  its  possible  orientations  in  the  space,  we 
can  then  express  analytically  its  volume  in  terms  of  the 
volume  of  a  spherical  particle  with  the  same  optical  charac¬ 
teristic.  K.  S.  Shifrin  [467]  obtained  such  a  relation  for 
the  scattering  indicatrix  of  ellipsoidal  particles: 


$ 

where  v  and  v  are,  respectively,  the  volumes  of  the  sphere 
and  the  ellipsoid  of  the  scattering  indicatrix  which  coincide, 

t  =  is  the  ratio  of  the  semi-axes  of  the  ellipsoid,  and 

cp< t)  is  the  function  which  was  tabulated  in  [464]  which  takes 
on  values  from  1  to  0.23  when  t  varies  from  1  to  10.  In 
particular, when  t  =  2  and  3,  cp(t)  =0.93  and  0.71. 

Such  relations  can  be  obtained  for  various  scattering 
characteristics  and  for  particles  of  other  forms. 


7.  Scattering  Of  Visible  and  Infrared  Waves  In  The  Atmosphere 

The  scattering  of  visible  and  infrared  waves  in  the  earth's 
atmosphere  is  caused  mainly  by  fluctuations  in  the  density 
of  the  air  and  by  aerosol  particles.  In  the  first  case,  we 
are  dealing  with  molecular  or  Rayleigh  scattering  and  in  the 
second  case  with  aerosol  scattering.  In  addition  to  this  at  least 
two  other  types  of  scattering  can  occur  in  the  atmosphere: 
scattering  on  small  and  large  scale  nonhomogeneities  caused 
by  turbulent  air  fluxes  and  combined  scattering.  However, 
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both  these  types  of  scattering  do  not  contribute  substantially 
to  the  attenuation  of  the  visible  and  infrared  radiation  in 
the  atmosphere  in  comparison  with  the  first  two  types.  There¬ 
fore,  in  this  chapter  which  mainly  describes  the  energy  losses 
which  are  transferred  by  electromagnetic  waves  in  the  atmosphere, 
we  will  not  discuss  scattering  phenomena  on  turbulent  non¬ 
homogeneities  and  combined  scattering. 

Molecular  scattering  has  been  studied  in  sufficient  detail. 
At  the  present  time  extensive  tables  of  the  scattering  co¬ 
efficients  in  the  visible  and  infrared  regions  have  been  com¬ 
piled,  which  make  it  possible  to  determine  with  sufficient 
accuracy  quantitatively  the  energy  losses  in  waves  propagated 
in  any  direction  in  the  atmosphere.  Therefore,  when  we  describe 
molecular  scattering  we  will  restrict  ourselves  mainly  to  several 
tabular  data  about  the  scattering  coefficients  and  the  optical 
layers  of  the  Rayleigh  atmosphere. 

When  we  speak  about  aerosol  scattering,  in  the  general 
case  we  have  in  mind  not  only  the  scattering  but  also  the 
energy  absorption  from  waves  by  particles.  Therefore,  it  would 
be  more  correct  if  we  talked  about  aerosol  attenuation  caused 
both  by  the  scattering  phenomenon  and  the  phenomenon  where  the 
radiation  flux  is  absorbed  by  aerosol  particles. 

In  spite  of  the  great  variety  of  dimension  spectra  and 
the  wide  ranges  within  which  the  concentration  and  chemical 
composition  of  atmospheric  aerosol  particle  changes,  it  is 
possible  to  single  out  certain  characteristic  types  of  aerosols 
which  differ  considerably  by  properties  and  theircapacity  to 
scatter  electromagnetic  waves  in  the  optical  range.  These 
types  include,  primarily,  clouds,  nebula,  and  mists.  There¬ 
fore,  it  is  not  accidental  that  the  bulk  of  the  material  in 
this  chapter  is  devoted  to  the  study  of  the  scattering  of 
visible  and  infrared  waves  by  these  aerosols.  Moreover,  even 
though  precipitation  cannot  be  called  aerosols,  the  damping 
of  the  radiation  when  it  passes  through  these  is  also  included 
in  this  chapter,  since  the  nature  of  the  scattering  of  waves 
on  precipitation  particles  and  mist  particles,  clouds  and 
nebula  is  the  same. 

1.  Molecular  Scattering  of  Visible  and  Infrared  Waves 

The  Cabann-Rayleigh  molecular  light  scattering  theory 
gives  the  following  expression  for  the  scattering  coefficient 
in  gases: 


where  N  is  the  number  of  molecules  per  unit  volume,  n  is  the 
refractive  index,  of  the  medium,  X  is  the  radiation  wavelength, 
6  is  the  depolarization  factor  of  the  scattered  radiation, 
which  according  to  the  latest  measurements  is  equal  to  0.035 
[447]. 


TABLE  7.1 

MOLECULAR  SCATTERING  COEFFICIENTS  6Ray  AT  TEMPERA¬ 
TURE  VALUES  t  -  15°C  AND  AT  A  PRESSURE  P  =  1013  mb 
AND  OPTICAL  LAVERS  TR&y  IN  THE  VERTICAL  LAYER 

IN  THE  ENTIRE  ATMOSPHERE  ACCORDING  TO  THE 
DATA  IN  [493]  AND  [494] 


fiy 

mnhm  A, 

MKM 

t  , 

V*1  **'* 

xc 

Tp en 

CL* 

JViiwi 

BOA  HU  A, 
MKM 

<W 

o 

Tp«a 

0,30 

0,32 

0,34 

0,36 

0,38 

0,40 

0,45 

0,50 

0,55 

0,60 

1,446-10-1 
•  1,098 

8,494.10-* 
6,680 
5,327 
4,303 
2,644 
1,716 
1,162 

8,157.10** 

1,2237 

0,9290 

0,7188 

0,5653 

0,4508 

0,3641 

0,2238 

0,1452 

0,0984 

0,0690 

0,65 

0,70 

0,80 

0,90 

1,06 

1,26 

1.67 

2,17 

3,50 

4,00 

5,893 

4,364 

2,545 

1,583 

8.458-10-* 
4,076.10  * 
1,327-10-* 
4.586- 10-» 
6.830-I0-* 
4,002 

0,0499 

0,0369 

0,0215 

0,0134 

0,0072 

0,0034 

0,0011 

0,0004 

0,0001 

0,0000 

Key:  a. 
b. 


c. 


Wavelength, 

w  tal'1 

TRay 


X,  \i 


The  molecular  absorption  coefficient  for  various  wave¬ 
lengths  was  calculated  in  the  interval  from  0.2  to  20  |i  using 
formula  7.1  by  Penndorf  [493].  Using  the  data  obtained  in 
[493],  it  is  possible  to  calculate  the  optical  molecular 
scattering  layers  tr  for  various  geometric  layers  in  the 

atmosphere. 
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TABUS  7.2 


THB  COEFFICIENTS  aRay  FOR  VARIOUS  ALTITUDES  z  and 

THE  OPTICAL  LAYERS  IN  LAYERS  OF  THE  ATMO- 

SPHERE  (z  -  «)  FOR  THE  WAVES  X  -  0.30,  0.55 
AND  1.06  (a  ACCORDING  TO  THE  DATA  IN 
(447] 


X  »  0,30  mk 


x~o,ss  mI 


kmifitia 


km"  •&  *jri  x>&)  •«&•*-** 


l,446.|0*i  1,2237  1,162.10**  0,0084  8,458.10**  0,0072 
8,693.10**  0,6538  6,988.10**  0,0526  5,085  0,0038 
4,881  0,3212  3,924  0,0258  2,855  0,0019 
2,999  0,1471  1,848  0,0118  1,345  0,0009 
1,049  0,0672  8,436.10**  0,0054  6,138.10**  0,0004 
2,173.10**  0,0146  1,747  0,0012  1,271  0,0001 
4,716.10**  0,0035  3,791.10**  0,0003  2.758-10**  0,0000 
1,212  0,0010  9.743-10-*  0,0001  7,089- 10*»  0,0000 


Key:  a.  Altitude  z,  km 

b.  p 

c-  '’Kay 
d.  t_ 

Ray 

a  ISi1®8  7,J  and  V  give  the  data  for  the  coefficients 
°Ray  and  TRay  for  various  wavelengths  and  geometric  layers 

in  the  atmosphere.  We  note  that  the  Rayleigh  scattering  no 
slonaut;  of*theainverse°length?°  f°r""U  h,s  the  dl«- 
2.  Wave  Scattering  By  A  System  Of  Particles 

wav«BTarftttiSLeieCtr0dy?aoic  forwulation  of  the  problem  of 
InTvA  ?J*iiJred  ?yJa  system  of  Particles,  the  methods  used  to 
Wn6/H»  and  ®eftain  results  which  were  already  obtained  have 
dJscussed  a  considerable  extent  in  the  literature 

which  isrused“tiesol^4th  5°?3>*  The  nain  idea  in  the  Bethod 

solve  the  aforementioned  problem  is  the 

«...  ---uWln8‘.  it  is  assumed  that  the  solution  of  the  liaht  sect¬ 
oring  problem  by  one  particle  is  known  and  that  all  unknown 
physical  quantities  can  be  obtained  after  appropriate  statist! 
cal  averaging  over  the  positions  of  the  particle  statisti' 
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A  certain  field  exists  in  the  medium  which  is  filled  by 
the  particles  which  consists  of  the  field  of  the  wave  inci¬ 
dent  on  the  system  of  particles,  and  fields  which  are  scattered 
by  individual  particles.  The  latter  are  written  on  the  basis 
of  the  known  solution  and  on  each  particle  its  own  field  is 
acting,  which  is  called  the  effective  field.  Consequently,  we 
can  write: 


V  (r)  =  Vo (')  +Jjr  (r,  rj)  V  (to). 

V  (to)  =  Vo  (0  +  2/ (O.  n)  V  (O'). 


where  f  is  some  component  of  the  field,  r^  are  the  coordinates 

of  the  j-th  particle,  i|r0  is  the  corresponding  component  of  the 

incident  wave,  r  is  the  radius- vector  of  an  arbitrary  point, 

T  is  the  scattering  operator,  Ip  is  the  effective  field.  The 
first  equation  in  (7.2)  gives  the  magnitude  of  the  field  in 
the  medium  -  hich  in  essence  represents  a  system  of  equations 
used  to  ^termine  the  values  of  the  effective  field  which 
act  on  every  particle.  The  sum  in  (7.2)  determines  the  fixed 
configuration  of  the  scattering  particles. 

The  next  step  consists  of  averaging  equations  (7.2) 
over  all  configurations.  Formally  this  is  carried  out  by  mul¬ 
tiplying  both  sides  of  the  equations  by  the  distribution 
function  for  the  configurations  and  by  integrating  over  the 
corresponding  variables.  The  distribution  function  of  the 
configurations  depends  generally,  to  a  considerable  extent,  on 
the  character  in  which  the  particles  interact.  The  correspond¬ 
ing  calculations  can  be  carried  through  to  the  end  in  general 
form  if  we  assume  that  the  particles  do  not  interact  (an  ideal 
gas  typo  model)  or  if  we  restrict  ourselves  to  the  first  terms 
in  the  expansion  with  variable  coefficients.  We  must  also 
assume  that  the  distances  between  the  particles  are  considerably 
larger  than  the  length  of  the  light  wave  in  order  to  be  able 
to  use  the  asymptotic  form  of  the  scattering  operator  in  the 
wave  zone.  We  further  note  that  the  effective  field  is  usually 
assumed  to  be  equal  to  the  mean  field  at  the  points  where  the 
particle  is  located,  since  both  fields  differ  by  a  quantity  on 
the  order  of  magnitude  of  1/N,  where  N  is  the  number  of  par¬ 
ticles.  This  assumption  enables  us  to  consider  only  one  equa¬ 
tion  for  the  wean  field.  The  problem  of  the  relative  light 
intensity  is  studied  using  the  same  procedure.  In  the  scalar 
variant,  this  quantity  can  be  determined  as  |t|f|3.  After  both 


(7.2) 


-299- 


sides  of  equations  (7.2)  are  nul tip lied  by  the  corresponding 
complex-con jugate  terns,  the  expressions  obtained  are  again 
averaged  over  the  configurations  using  the  distribution  func¬ 
tion  which  was  determined. 

If  we  study  particles  which  do  not  interact,  then  for 
the  radiation  intensity  in  the  medium  we  obtain  the  usual  trans¬ 
fer  equation,  if  we  do  take  into  account  the  particle  inter¬ 
action  as  usual,  certain  corrections  must  be  made  in  the  afore¬ 
mentioned  equation. 

When  this  type  of  analysis  is  used,  a  relation  for  the 
attenuation  coefficient  a(X)  is  obtained  automatically,  which 
is  calculated  per  unit  length  of  the  beam  path 


a  (a,  \)f(a)da, 


(7.3) 


where  N  is  the  number  of  particles  per  unit  volume,  o(a,  X) 
is  the  radiation  attenuation  coefficient  with  wavelength  X 
for  a  particle  with  radius  a  (here  and  below  we  assume  that  the 
scattering  particles  are  spherical),  f(a)  is  the  distribution 
function  by  dimension  for  the  particles  which  is  interpreted 
by  defining  the  relation  Nada  =  Nf  (a)da,  where  is  the  number  of 

particles  with  radius  in  the  interval  from  a  to  a  +  da. 

The  origin  of  formula  (7.3)  can  be  easily  analyzed  with 
the  aid  of  the  optical  theorem  (see  para.  2,  Chapt.  6).  The 
attenuation  coefficient  for  some  volume  can  be  determined  in 
accordance  with  the  procedure  described  in  paragraph  3, 

Chapter  6  used  to  find  the  screening  coefficient.  This  leads 
to  the  relation-  a  =  inlk'lm A,  where  A  is  the  amplitude  of  the 

field  which  is  scattered  forward  by  all  particles.  On  the 
basis  of  the  superposition  principle  A  =  where  A^ 

is  the  amplitude  of  the  wave  scattered  forward  by  the  particle 
j.  By  combining  the  last  two  relations  together  with  formula 
(6.20)  we  see  that  a  =  2<7j,  where  is  the  attenuation  co¬ 
efficient  due  to  the  j-th  particle.  After  the  distribution 
function  f(a)  is  introduced  the  last  sum  can  be  written  in 
the  foxm  (7.3). 

From  the  relation  (7.3)  and  *he  equality  o(X,  a)  -  oa 

A 

(X,  a)  +  c.  (X,  a),  where  oa  and  oa  are  the  scattering  and 

a  5  a 
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absorption  radiation  coefficients  with  wavelengths  X  obtained 
fron  a  particle  with  radius  a,  we  obtain  automatically  ex¬ 
pressions  for  the  semi-dispersed  scattering  and  absorption 
coefficients  a  (X)  and  a  (X): 


«f(x)-ivjop^,fl)/(fl)dfl, 


(7.4) 


fi/ 

o,T(X.  a)f{a)da. 


(7.5) 


Key:  a.  s 
b.  a 


I  •* 


With  the  aid  of  the  coefficient  a(X)  we  can  write  a.: 
usual  the  equation  for  the  variation  in  the  radiation  intimity 
I  propagated  along  a  certain  path 


d/(X)=*-/(X)a(X)<f/. 


(7.6) 


Integrating  (7.6)  we  obtain  the  well-known  relation  for  the 
aerosol  component  of  the  transparent  atmosphere 


T(X)  =«///„ 


where  IQ  is  the  radiation  intensity  at  the  origin  of  the  path: 


i  7(X)  =  exp(—  jet(X,/)d/).  (7.7) 

|  <T> 

J 

f 

» 

{  In  (7.7)  the  integration  is  carried  out  over  points  of  the 
i  path,  and  a(X)  generally  varies  over  the  beam  path.  This 
|  variation  is  related  to  the  corresponding  changes  in  the 


dimension  spectrum  and  in  the  particle  concentration. 

Relation  (7.7)  describes  the  variation  in  direct  radiation 
intensity  which  carries  one  type  of  information  or  another. 

We  note  that  it  is  not  possible  to  record  in  the  experiment 
only  direct  radiation  since  in  order  to  do  this  receivers  are 
needed  with  zero  angular  apertures.  The  angular  aperture 
of  the  receiving  system  can  be  made,  generally  speaking, 
arbitrarily  small,  but  not  equal  to  zero.  Therefore,  the 
receiving  systems  always  record  together  with  the  direct 
radiation  attenuated  in  accordance  with  law  (7.7)  the  light 
which  is  scattered  once  and  several  times  by  aerosol  particles 
which  are  considered  as  one  type  of  background  noise.  This 
fact  is  responsible  for  the  dependence  of  the  quantities  which 
are  measured  (scattering  coefficients,  the  quantity  T(X) 
etc.)  on  the  conditions  of  the  experiment. 

3.  Studies  of  the  Scattering  Matrix 

As  we  already  noted  in  paragraph  2,  Chapter  6,  the 
scattering  matrix  M  contains  the  total  information  about  the 
light  field  which  is  scattered  by  the  particles.  If  we  know 
the  components  in  this  matrix,  we  can  solve  quantitatively 
any  problems  related  to  the  scattering  of  waves  by  particles. 

In  spite  of  the  obvious  importance  of  the  problem,  the 
study  of  the  matrix  M  for  aerosols  in  the  atmosphere  does  not 
yet  have  at  its  disposal  a  sufficient  amount  of  data  about 
the  components  of  this  matrix.  This  is  explained, on  one  hand, 
both  by  the  complexity  of  the  corresponding  theoretical  and 
experimental  studies  and,  on  the  other  hand,,  by  the  fact  that 
many  practical  problems  can  be  solved  without  the  components 
of  the  scattering  matrix.  For  example,  in  many  cases  it  is 
sufficient  if  the  scattering  or  attenuation  coefficients  are 
known . 

The  matrix  M  has  the  simplest  form  in  the  case  of  molecular 
scattering: 


Af(0)  = 

(l+cos*0+d  — sin0  o  0  \ 

-sin*0  1  -j-  cos*  0  0  0  I  (7.8) 

0  0  2cos0  0  r 

0  0  0  2cos0/ 
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During  radiation  scattering  by  atmospheric  aerosol  par¬ 
ticles,  the  matrix  M  generally  can  have  altogether  16  different 
components.  However,  the  symmetry  of  various  particles  and 
their  orientations  in  space  reduce  the  number  of  independent 
components  in  the  matrix  and  are  responsible  for  the  vanishing 
of  some  of  these u  Thus,  for  spherical  particles,  the  matrix  M 
has  the  form  [504]: 


where  '  Afu  =*  Af Afj2  —  Mu',  Ma  Af**;  Mu  ~  Af«. 

Thus,  for  spherical  particles  there  are  only  altogether  four 
independent  components  which  can  be  calculated  using  the 
corresponding  formulas  from  Hi  theory.  An  example  of  this 
type  of  calculation  is  the  work  of  V.  S.  Halkova  [505]  in 
which  all  four  components  M(8)  were  calculated  for  values  of 
p  from  0.1  to  1.0,  8  =  0  (5)180°  and  13  values  of  the  complex 
refractive  index  for  water  which  are  characteristic  for  the 
wavelength  band  from  2  to  12  p. 

The  most  complete  experimental  data  about  the  components 
of  the  scattering  matrix  were  obtained  by  the  G.  V.  Rozenberg 
team  [16,  506,  507,  897,  898],  who  started  in  1959  the  cor¬ 
responding  studies  in  the  layer  of  the  atmosphere  near  the 
earth's  surface  using  specially  developed  apparatus.  By 
processing  many  measurements  carried  out  in  various  regions 
of  the  spectrum  under  different  meteorological  conditions, 

G.  V.  Rosenberg  and  his  collaborators  obtained  quantitative 
data  about  all  components  of  the  matrix  M.  An  analysis  of  this 
data  made  it  possible  to  draw  important  conclusions  about  the 
presence  of  typical  aerosol  states  in  the  layer  of  the  atmosphere 
near  the  earth's  surface  (nebula,  nebula  mist,  fog  above  the 
sea,  and  simply  fog) .  To  each  of  the  states  mentioned  cor¬ 
responds  a  set  of  angular  relations  for  the  components  of  the 
matrix  M.  We  are  not  talking  about  the  concrete  dependence  of 
the  components  on  the  angle  8  since  G.  V.  Rosenberg  and  his 
collaborators  obtained,  in  fact,  data  for  various  concrete  con¬ 
ditions,  each  of  which  can  be  related  to  a  greater  or  lesser 
extent  to  conditions  characterized  by  one  of  the  aforementioned 
four  aerosol  states  in  the  layer  of  the  atmosphere  near  the 
earth's  surface. 
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f  4.  Energy  Characteristics  in  the  Scattering  of  Visible  and 

|  Infrared  Waves  by  Clouds  and  Nebulae 

tin  the  solution  of  sany  problems  dealing  with  the  propagation 
of  visible  and  infrared  waves  in  clouds  and  nebula,  it  is 
necessary  to  know  which  part  of  the  incident  radiation  flux 
|  is  deflected  by  this  layer  from  its  original  direction  due  to 

|  aerosol  attenuation,  i.e.,  due  to  the  scattering  and  absorp- 

\  tion  by  particles  ic  the  layer.  To  give  an  answer  to  this 
l  question  we  must  have  the  attenuation  coefficients  a(X). 

!  for  this  reason  in  this  paragraph  we  will  focus  the  main  at¬ 
tention  on  this  quantity  for  water  clouds  and  nebula.  So  far 
data  for  the  coefficients  a(X)  for  cold  and  crystalline  clouds 
and  nebula  have  not  been  obtained. 

t  1.  Analytical  Expressions  for  the  Attenuation  Coefficient 

and  Averaged  Attenuation  Factor.  Let  1(a)  be  the  distribution 
function  for  the  particles  of  a  cloud  or  nebula  by  dimension. 

Then,  assuming  that  we  are  dealing  with  spherical  particles, 
we  can  write  for  the  coefficient  a(X)  and  the  geometrical  cross 
section  Q  of  the  particle  per  unit  volume: 


na*K{p,m)f(a)da,  (7.10) 


(7.11) 


The  quantity 

i 


! 

! 


to*K  (p,  m)  f  (a)4a 


£  na*f  (a)  da 


(7.12) 


will  be  called  the  average  attenuation  efficiency  factor.  This 
nomenclature  is  justified  in  view  of  relation  (7.12),  which 
defines  F  as  the  usual  statistical  mean  attenuation  efficiency 
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factor  for  a  single  particle  K(p,  m)  with  density  function  «fl*/(a). 
The  function  F  is  numerically  equal  to  the  ratio  of  the  optical 
cross  section  of  the  particle  per  unit  volume  to  the  geometri¬ 
cal  section. 

It  can  be  seen  from  (7.12)  that  the  function  F  is  in¬ 
dependent  of  N  and  characterizes  with  an  accuracy  up  to  a 
constant  multiplier  the  three-dimensional  attenuation  co¬ 
efficient.  The  values  of  F  are  determined  by  the  quantities 
m  and  X  (F  is  a  function  of  X  because  •  . . 

From  (7.10)  and  (7.12)  we  obtain  immediately  the  relation 


Ffii,  w)  a(X|) 

F  (**.  m)  o  (X3  ’ 


(7.13) 


which  is  valid  for  the  given  f(a)  and  r. 

The  values  of  the  three-dimensional  attenuation  coefficients 
a(X)  and  the  average  attenuation  efficiency  factors  F(X,  m) 
are  the  principal  quantitative  characteristics  of  the 
attenuated  radiation  by  polydispersed  aerosols.  Naturally,  the 
form  of  the  formulas  for  a(X)  and  F(X,  m)  depends  to  a  con¬ 
siderable  extent  on  the  type  of  the  distribution  function  for 
particles  by  dimension. 

To  explain  the  effect  of  the  form  of  the  function  f(a) 
on  the  numerical  values  of  F(X,  m)  we  will  calculate,  using 
methods  which  will  be  discussed  below,  the  values  of  F  using 
for  f(a)  the  lognormal  and  gamma  distributions.  Both  these 
distributions,  as  we  already  have  mentioned,  approximate  sat¬ 
isfactorily  the  experimental  curves  for  the  dimension  spectra 
of  particles  in  clouds  and  nebula.  Calculations  have  shown 
that  the  use  of  the  distributions  is  justified  when  the  func¬ 
tion  F  is  calculated.  The  choice  for  f(a)  of  formula  (5.3) 
or  formula  (5.4)  depends  on  the  concrete  problem. 

A  formula  for  the  function  F,  which  is  valid  for  any 
values  of  the  parameter  p  and  m  «  1.33,  was  obtained  by  L.  M. 

Levin  [508]  on  the  basis  of  the  approximating  expression  pro¬ 
posed  by  him  for  the  function  K(p)  and  the  gamma  distribution 
for  the  function  f(a). 

Using  for  "soft"  transparent  particles  the  approximate 
expression  (6.42)  for  K(p,  m)  obtained  by  G.  Van-de-Huest 
[461]  and  the  gamma  distribution  used  for  the  function  f(a), 

K.  S.  Shifrin  and  V.  F.  Raskin  [509]  obtained  a  formula  for 
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the  polydispersed  scattering  coefficient. 

With  the  aid  of  the  tables  given  in  [509]  the  spectral 
transparency  of  water  clouds  and  nebula  in  the  visible  region 
of  the  spectrum  can  be  calculated  also  for  those  sectors  of 
the  infrared  region  where  the  complex  refractive  index  of 
water  can  be  ignored. 

Deirmenjian  [489]  using  the  approximate  expression  (6.45) 
and  (6.46)  for  K(p,  m)  took  into  account  when  he  calculated 
the  coefficients  a(X)  the  complex  refractive  index  of  water 
in  the  infrared  region  and  obtained  the  values  of  a(\) 
for  a  model  of  a  cloud  in  the  visible  and  infrared  regions 
up  to  the  wavelength  X  =  13  |i. 

S.  D.  Tvorogov  [510],  using  for  the  distribution  functioi. 
of  aerosol  particles  the  lognormal  law,  has  shown  that  the 
function  F  is  in  this  case  the  solution  of  an  equation  of  the 
parabolic  type  with  a  certain  initial  condition.  In  [510 ] 
three  parabolic  equations  are  given  with  the  initial  conditions 
which  are  satisfied  by  the  function  F. 

We  emphasize  that  when  the  aforementioned  statement  was 
proved  no  constraints  were  imposed  on  the  function  K(p,  m) . 
Therefore,  the  fundamental  result  in  article  [510 ]  remains 
valid,  if  instead  of  the  function  K(p,  m)  we  take  the  scat¬ 
tering  or  absorption  efficiency  factor,  the  scattering  indica- 
trix,  or  any  other  component  of  the  scattering  matrix.  In 
this  sense  the  result  obtained  in  [510 ]  is  universal. 

In  articles  [511]  and  [512]  S.  D.  Tvorogov  developed 
solution  methods  for  the  parabolic  equations  which  he  derived 
in  [510].  The  results  from  articles  [510  -  512]  can  be  used 
when  any  average  components  of  the  scattering  mat.rix  are 
calculated. 

We  obtained  analytic  expressions  for  the  function  F 
when  the  gamma  distribution  was  used  as  the  function  f(a) 
in  our  articles  [513  -  515].  We  give  the  formulas  for  the 
function  F: 


t*/  (t)  K  {xx,  m)  dr 

00  03  F  (^1  P*  fll)| 

jxV  (T)<*T 


(7.14) 
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where 


T  = 


a 


(7.15) 


where  r  and  n  are  parameters  of  the  gamma  distribution. 

Kxpression  (7.14)  follows  immediately  from  (7.12)  when 
(7.15)  is  taken  into  account. 

Substituting  (5.4)  in  (7.14),  we  obtain 


F  <*,  p, «)  =  r^3T  ]  ™+ie“"t/C  {xx' m)  dx‘ 


Now,  if  we  substitute  in  (7.16)  the  expressions  (6.36)  - 
(6.42)  for  the  function  K(p,  m)  -  K(xt,  m)  we  obtain  rather 
easily  the  explicit  formulas  for  F(x,  |i,  m)  for  various  cases. 
Here  we  will  give  without  derivation  only  the  expression  for 
F(x,  m,  |i) ,  which  will  be  used  further  and  which  is  obtained 
by  substituting  in  (7.16)  formulas  (6.40)  and  (6.41)  which 
describe  the  function  K(xt,  m)  for  the  case  of  "soft"  large 
particles: 


F(x,  p,  m)=2 — 

4 

0»+2)(p+l) 


4  ilnKn+^y-^Hcosty-fP))**-*-* 
M**  ilmp  (coc  p)>*+* 

■co*  Ki»-H)  <P — 26]  fcosfo-f  fl))1***  , 
sin*  9  (cot  Pi*4*1 
.  4  cos*  3  cm*  (<p+P) , 
t‘(f*+2)(|i+l)sin*9; 


(7.17) 


t8»“r+itp5  (7.is) 


In  the  special  case  when  m  is  real,  we  obtain  from  (7.17) 
and  (7.18) 


F(x,  p,  m)  ~  2 


4  sln[(n4-2)<p)fco>q>|>>'('8 

(H  +  2)  sin  q> 


4  cos [(H+l)  f)  [cos 9l>>*i  .  4ctg*  9 
(p+i)(H+ij  sin* 9  +(p+2)0i+l)  ’ 


(7.19) 


*'ij! 


WP8H 


where 

*  r 

*Jr 

tgf«=«  =  lJC(n-l). 

Formula  (7.19)  is  also  given  in  [509]. 

We  note  the  following  relations  in  the  limit: 


\imF(x,\k,m)=2,  limf(x,  u,  m)=2, 

*-»«  (t-»0 

Hm  F  (x,  p,  m)  =  K  (x,  m). 


(7.20) 


We  will  now  consider  the  approximate  method  for  calculating 
the  average  efficiency  factor  for  the  radiation  attenuated  by 
water  clouds  and  nebulae  in  the  visible  and  infrared  regions 
which  we  proposed  in  [513,  514].  The  method  presupposes  that 
the  complex  refractive  index  for  water  and  the  real  dimension 
spectrum  of  particles  in  clouds  and  nebulae  described  by  the 
gamma  distribution  are  taken  into  account.  The  method  is 
based  on  the  use  of  expression  (6.45)  -  (6.46)  for  the  ef¬ 
ficiency  attenuation  factor  of  one  particle  K(p,  m)  which  was 
obtained  by  Deirmenjian  [489]  by  approximation. 

Substituting  (6.45)  and  (6.46)  in  (7.16),  we  obtain 


F  (x,  p,  m)  =  Ft  {x,  p,  m)  -f  Fz (x,  p,  m). .  (7 . 21) 


In  the  above  the  function  F.  is  defined  by  expressions  (7.17), 

t* T  1  OX j  * 


(7.18) ,  and 


*  *i+t 


f*(*«  Hi  m)—  p^^.3)  S  [  Dj{x  xm)  x 
xK(x' t,  m)  T^+'e-^dt, 


(7.22) 


where 

A,«0;  A**=5(n— 1);  °°' 

We  tabulated  the  function  F  for  various  values  of  cd,  0  and 
H  which  were  selected  in  such  a  way  that  the  range  in  which 
these  were  measured 
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made  it  possible  to  obtain  the  three-dimensional  attenu¬ 
ation  coefficients  In  the  visible  and  infrared  radiation  region 
in  clo.uds  and  nebulae  with  various  microstructure  characteristics 
which  occur  under  natural  conditions. 

Since  D(x'x)  is  a  continuous  function* the  expression  for 
?2  can  be  written  in  terms  of  Pi  and  B  after  the  application 
or  the  mean  value  theorem  to  7.22: 


Fi(xtp,m)=Ft(xt\i,m)D(x,,x,m),  (7.23) 

where  x  is  a  quantity  which  depends,  generally,  on  n,  p,  y,  and 
x». 


The  function  P2  was  calculated  according  to  7.22  by  numerical 
integration  for  various  x’,  y,  6  and  n,  and  then,  using  formula 
7.23  the  value  of  x  was  found.  It  turned  out  that  the  results 
of  the  calculations  according  to  7.22  and  7.23  coincide  with  an 
error  less  than  5%  if  we  set 


Thus,  substituting  7.23  in  7.21  we  obtain  ultimately  for  P 
F  (x,  y,  m) = Ft  (x,  y,  m)  [1  +D>(x'rt  m)].  (7.25) 

We  use  expression  7.25  and  7*24  to  calculate  the  function 
P  (x,  .y,  m)  and  the  three-dimensional  attenuation  coefficients 
o(X)  for  clouds  and  nebulae.  Our  estimates  have  shown,  that  the 
approximate  method  which  was  described,  yields  an  error  in  the 
values  of  K(p,  m  )  which  does  not  exceed  5—7%  when  compared  with 
the  values  obtained  by  using  the  tabular  values  of  the  function 
K(p,  m)  from  [470]  which  were  calculated  from  the  exact  formulas 
of  Mi  theory.  The  accuracy  mentioned  above  is  fully  adequate 
for  practical  purposes  and  for  interpreting  quantitatively  the 
experimental  data. 

2.  Calculation  of  Attenuation  Coefficients. 

The  most  complete  computational  data  about  the  attenuation 
coefficients  a  (x)  for  water  clouds  and  nebulae  in  the  spectral 
region  0.5-14  y  which  take  into  account  the  real  polydispersed 
particles  and  the  complex  refractive  index  were  obtained  in  our 
study  [516]  which  is  described  in  detail  in  monograph  [1].  In 
[1]  the  results  of  calculations  of  a  (X)  carried  out  by  Diermejian 
for  two  concrete  models  of  a  cloud  [489,5173  in  the  spectral 
region  0.45-1 6,6  y  are  also  discussed,  as  well  as  data  about 
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calculations  of  the  efficiency  factor  P  obtained  by  L.  M.  Levin 
[5083  for  various  models  of  a  cloud  without  taking  into  account 
the  complex  refractive  index  for  water. 

Our  calculations  and  those  of  Deirmejian  were  based  on  the 
data  about  the  complex  refractive  indices  of  water  published  by 
Centeno  .  as  early  as  19^1  [518],  which  are  still  considered  as 
the  most  complete  and  reliable  data.  However  the  detailed  com¬ 
parison  of  all  known  values  of  the  complex  complex  refractive 
index  components  of  water  in  the  infrared  region  which  we  carried 
out,  showed  large  scatter  in  the  data  of  various  investigators. 
Keeping  in  mind  this  fact,  and  also  the  fact  that  the  coefficients 
a(x)  depend, to  a  considerable  extent,  both  on  the  real  n  and  the 
imaginary  k  parts  of  the  complex  complex  refractive  index  for  water, 
we  attempted  in  our  laboratory  to  redefine  these  quantities.  On 
the  basis  of  the  data  obtained  for  the  quantities  n  and  k  for 
various  wavelengths  in  the  region  from  0.5  to  25  p„we  recalculated 
the  coefficients  o(x).b  Below  we  present  briefly  the  results 
obtained  from  a  study  of  the  components  of  the  complex  refractive 
index  for  water, and  the  data  from  the  corresponding  calculations 
of  the  coefficients  a(X). 


1.  Components  of  the  complex  refractive  index  of  water  in 
the  spectral  region' 0.5-25  u.  The  apparatus  and  measurement 
methods  f*or  the  refractive  index  and  the  absorption  index  for 
water  in  the  spectral  region  from  0.5  to  25  v  are  described  in 
detail  in  our  articles  [519-521]. 


Figure  7.1  shows  the  curves  obtained  in  [520]  for  the  rela¬ 
tion  between  the  refractive  index,  the  absorption  index  k  and 
the  wavelength  in  the  spectral  region  from  2.5  to  25  u.  A 
comparison  of  the  values  of  n  and  k  obtained  by  us  and  other  in¬ 
vestigators  in  various  regions  of  the  spectrum  is  plotted  in 
Figure  7.2. 


The  method  used'  in  [519-520]  to  determine  the  quantity  k 
from  the  refraction  spectra  in  the  region  where  the  values  of 
ic  are  small,. does  not  yield  sufficient  accuracy  of  the  results 
obtained.  In  this  connection  in  [521]  the  quantity  k  in.  this 
region  was  determined  again  using  a  method  based  on  transmission 
spectra.  In  addition  to  this,  the  spectral  region  irt  which  n 
and  k  were  measured  was  extertted  in  [521].  The  results  obtained 
are  plotted  in  Figures  7*3  and  7.^»To  find  the  value  of  the 
absroption  index  k(v)  from  the  known  data  for  a(x)  we  must  use 
formula  (7.26). 


(7.26) 


The  data  which  are  plotted  in  Figures  7.3  and  7.^  were  de 
termined  with  a  relative  error  not  exceeding  1J(  for  n  and 
for  o« 
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Keeping  in  mind  the  inconveniences  which  arise  when  graphs 
are  used  in  practical  work,  we  give  in  Supplement  2  detailed 
tabular  data  for  the  quantities  n  and  k  which  we  obtained  in 
the  spectral  region  from  0.54  to  25  y 


Pig.  7.1. 


Key:  a. 


win  9m 


The  refractive  index  n  and 
the  absorption  index  k  of 
water  versus  the  wavelength 
in  the  spectral  region  2.5-25  y. 
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Pig.  7.2. 
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The  refractive  index  n  and  the  absorption  index 
k  of  water  in  the  region  from  2.5  to  25  y: 

1.  data  from  [522],  2.  data  from  [4673,  3.  data 
from  [553],  4.  data  from  [5233,  5.  data  from 
[520],  6.  data  from  [524]. 
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2.  Attenuation  coefficients,  a  new  series  of  calculations 
of  the  attenuation  coefficients  o(X)  for  water  clouds  and  nebulae 
which  take  into  account  the  real  dimension  spectra  of  particles 
and  the  data  obtained  by  us  for  the  components  of  the  complex 
refractive  index  of  water  was  made  using  the  approximate 
method  described  in  paragraph  1.  The  calculations  were  carried 
out  for  the  values  of  the  microstructure  parameters  r  (the 
most  probable  radius  of  the  particles)  and  y  (a  characteristic 
of  the  distribution  half-width),  which  were  equal  to  respectively: 
0.1,0. 5,  1.0,  2.0,  6.0,  10.0  y  and  1,  2,  3,  6,  and  10.  The  set 
of  wavelengths  for  which  the  a(l)  was  calculated  was  determined 
by  the  corresponding  behavior  of  the  components  of  the  complex 
refractive  index  of  water.  We  attempted  to  take  into  account 
all  characteristics  of  this  relationship.  In  addition  to  this, 
we  selected  a  series  of  wavelengths  which  corresponded  to  the 
radiation  frequencies  of  the  most  widely  used  lasers. 


Pig.  7.3.  The  refractive  index  of 

water  versus  the  wavelength 
in  the  spectral  region 
0.5-25  ii. 


Key:  a.  cm 


The  detailed  data  for  our  calculations  are  g  i  v  e  n  in 
article  [525].  Figures  7- 5-7.8  and  Table  7.3  give  certain  il¬ 
lustrations  of  these  results,  which  show  the  substantial  effect 
of  the  values  of  the  microstructure  parameters  and  the  compo¬ 
nents  of  the  complex  refractive  index  of  water  on  the  value  of 
the  attenuation  coefficient  a(X)  and  its  spectral  path. 

Table  7.3  gives  data  about  the  attenuation  coefficients  a(X) 
for  clouds  and  nebula  for  the  following  characteristics  which 
are  encountered  most  frequently  under  natural  conditions: 

1)  the  most  probable  radius  r  -  6  y,  2)  the  parameter  of  the 
distribution  half-width  y  ,3)  the  meteorological  visibiltiy 
range  SM  ■  0.2  km. 
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Pig.  7  A.  The  absorption  coefficient 

of  water  versus  the  wavelength 
in  the  spectral  region  0.5-25  y. 

Key:  a.  cm"1 
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Pig.  7.5.  Attenuation  coefficients  of  water 

clouds  and  nebulae  in  the  wavelength 
range  0.5-25  y. 

Key:  a.  km"1 


^ifi>*  7 .6.  Attenuation  coefficients  of  water 
clouds  and  nebulae  in  the  wavelength 
range  0.5-25  y  for  y  ■  r  «  0.1, 

0.5>  1,  2,  if,  6,  10  y  and  SM  »  0.2  km. 


Key:  a.  km-1 
b.  y 


Pig*  7*7*  Attenuation  coefficients  of 
water  clouds  and  nebulae  in 
the  wavelength  interval  0.5- 
25  y  for  y  »  10,  r  -  1,  2,  6, 
10  y  and  Sm  ■  0.2  km. 

Key:  a.  km”1 
b.  y 
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Pig.  7.8. 


^wm  # 


Attenuation  coefficients  for  water 
clouds  and  nebulae  in  the  wavelength 
interval  0.5r2§  y  for  r  «  6  y,  y  » 
2,  4,  10  and  SM  •  0.2  km. 


TABLE  7.3 

THE  COEFFICIENTS  o(X)  FOR  THE  MOST  PROBABLE  VALUES 
OF  THE  MICROSTRUCTURE  PARAMETERS  OF  CLOUDS  AND 
NEBULAE  FOR  THE  METEOROLOGICAL  VISIBILITY  RANGE 
SM  *  0.2  KM  OR  THE  TRUE  PARTICLE  CONENTRATION 

N  *  28  cm“3 


The  coefficients  a(x)  for  other  values  of  Sjf  are  easily 
obtained  from  the  data  in  Table  7.3*  since  the  quantity  a(x)  is 
inversely  proportional  to  the  value  of  S^. 

Figure  7.9  gives  a  comparison  of  the  results  of  our  calcula¬ 
tions  of  the  coefficients  o(x)  which  were  made  on  the 
basis  of  the  Centeno  data  for  the  complex  refractive  index  of 
water  and  on  the  basis  of  our  data.  It  can  be  seen  from  the 
figure  that  in  a  number  of  spectral  regions  the  new  data  which 
we  obtained  for  the  coefficient  a(x)  differ  substantially  from 
the  old  data. 

It  should  be  noted  that  the  calculations  in  [5253  cover 
practically  all  possible  realizations  of  the  parameter  values 
of  the  microstructure  of  water  clouds  and  nebulae  with  the  excep¬ 
tion  of  the  largest  drop  formations  for  which, as  we  can  see  from 
Figures  7. 5-7. 8  and  from  qualitative  considerations, a(x)  can  be 
considered  with  sufficient  accuracy  to  be  independent  of  the 
wavelength.  We  also  note  that  during  the  calculations  the  dis¬ 
tribution  function  by  dimension  for  the  particles  used  was  the 
gamma  distribution,  which  describes  the  unimodal  curves  in  the 
dimension  spectra  of  the  particles.  The  results  of  the  calcula¬ 
tions  cannot  be  applied  to  other  distributions  of  particles  by 
dimension.  However,  as  we  have  shown  in  Chapter  5,  most  data 
about  the  dimension  spectra  of  particles  in  clouds  and  nebulae 
are  approximated  sufficiently  well  by  the  gamma  distribution. 


Fig.  7.9.  Comparison  of  the  results  of 

calculations  of  the  attenuation 
coefficients  for  water  clouds  and 
nebula#  in  the  wavelength  interval 
0.5-14  y  m  a- d  e  on  the  basis 
of  the  Centeno  data[5l8]  (dotted 
curve)  and  the  author’s  data[520] 

(solid  curve),  for  the  components 
of  the  complex  refractive  index  of 
water  for  the  microstructure  parameters 
y  ■  2,  r  «  6  y. 
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Finally  we  emphasize  again  that  the  coefficients  a(X)  describe 
the  attenuation  of  radiation  propagated  in  the  direction  of  the 
straight  line  from  the  source  to  the  receiver.  During  experi¬ 
mental  studies  of  the  aerosol  component  of  cloud  and  nebular 
transparency  of  visible  end  infrared  waves,  the  receiving  sys¬ 
tem  records  together  with  the  direct  attenuated  radiation,  the 
scattered  radiation.  The  question  of  the  limits  of  applicability 
of  the  data  obtained  for  the  coefficient  a (a)  to  determine  the 
transparency  of  clouds  and  nebulae  for  various  concrete  sources 
and  receivers  will  be  considered  in  paragraph  9. 

3 .  Experimental  study  of  attenuation  coefficients.  The 
most  complete  experimental  data  for  the  coefficients  a(A)  for 
various  values  of  the  microstructure  parameters  of  artificial 
nebulae  were  obtained  in  our  articles  [513,526-529,  702],  which 
are  described  in  detail  in  monograph  [1]  where  also  the  main 
results  of  other  investigators  [379,530-537]  are  discussed. 

The  available  experimental  data  were  analyzed  an.d  compared 
with  the  calculated  values  of  a(x)  in  [1].  The  analysis  has 
shown  .  *  satisfactory  qualitative  agreement  betwee.n  the 

experimental  data  of  various  authors.  A  quantitative  com¬ 

parison  cannot  be  made  in  most  cases,  because  the  corresponding 
published  work  does  not  have  the  necessary  information  about  the 
microstructure  of  the  clouds  and  nebulae  in  which  the  measurements 
were  made. 

A  comparison  of  the  experimental  and  calculated  data  for  the 
quantity  a(x)  obtained  in  our  work  has.  shown  considerable  dis¬ 
crepancies  between  the  data.  This  discrepancy  has  also  been 
noted  by  a  number  of  other  investigators.  As  a  rule  the  measured 
coefficients  o(x)  turn  out,  to  be  larger  than  the 

coefficients  calculated  from  the  data  of  simultaneous  micro¬ 
structure  studies.  In  this  respect,  it  is  important  that  the 
reasons  for  these  discrepancies  be  elucidated. 


When  the  results  of  the  first  series  of  measurements  were 
analyzed,  the  hypothesis  was  made  that  the  absolute  concentration 
of  the  particles  which  was  determined  using  flux  traps  for  this 
purpose  was  not  'correct.  Assuming  that  the  traps,  for  some 
reason,  do  not  collect  all  drops  from  the  corresponding  volume, 
we  arrive  immediately  at  the  conclusion  that  the  coefficients 
calculated  from  the  microstructure  data  from  the  traps  will  be 
smaller  than  the  experimental  data. 


To  confirm  this  hypothesis,  in  the  second  series  of  measure¬ 
ments  we  set  up  special  tests  in  which  the  coefficients  a (0.^2 
were  measured  simultaneously  with  the  aid  of  a  photometer,  and 
the  water  content,  using  two  methods,  with  the  aid' of  filters  [529] 
and  the  micr.ostructure  measurement  data. 
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Prom  these  measurements  we  found  out  that  the  water  con¬ 
tent  which  was  determined  with  the  aid  of  filters,  exceeded 
in  all  cases  the  calculated  water  content  using  the  data  of  simulta¬ 
neous  microstructure  flux  trap  measurements.  The  co¬ 

efficient  a (0.42)  which  was  measured  with  the  aid  of  a  photo¬ 
meter  turned  out  to  be  directly  proportional  to  the  water  content 
which  was  determined  using  the  filtration  method.  The  relation 
which  was  obtained  was  approximated  by  the  expression 


<*(0,42)  |cj»rl)  =  2,04.10-*c 

6 


(7.27) 


Key:  a.  cm“l 
b .  g/m3 


An  analogous  relation  is  easily  obtained  from  the  formulas 


a  (0,42) « 2Q  - 2N  ^  lO*  [cj?*], 


(7.28) 


Key:  a.  cmrl 


(7.29) 


Key :  b .  g/m3 


Here  d2and  do  are  the  mean  squared  and  mean  cubed  diameters  in 
the  distribution  of  the  drops  by  dimensions  (  in  microns). 


From  (7.28),  (7.29)  we  obtain 


<x(0,42)-  3-j}- 10*'<7  [<£*). 


(7.30) 

Key:  a.  cm-1 


To  compare  the  empirical  (7.27)  and  theoretical  (7.30)  de¬ 
pendence  of  <*(0.42)  on  q  using  the  data  of  microstructure 
measurements,  the  dj/d|  were  calculated  for  each  water  content  value. 
The  mean  value  of  tnis4ratio  turned  out  to  be  equal  to  u.0714 
which,  when  substituted  in  (7.30)  leads  to  the  expression 


a(0,42)«-2,l4*10**c. 


(7.3D 


It  can  be  seen  from  (7.27)  and  (7.31)  that  these  expressions  are 
very  close. 

A  more  detailed  comparison  of  the  water  content  measured  using  the 
filter  method  and  calculated  according  to  (7.30),  for  each  measure¬ 
ment  is  given  in  Figure  7.10,  To  calculate  q  from  (7.30),  the 
values  of  a (0.42)  were  found  from  photometer  measurements,  and 
the  ratio  d*/d|  was  determined  from  the  data  of  the  flux  traps. 
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It  turns  out  that  the  relation  between  the  calculated  and  measured 
water  content  values  qt  and  q  can  be  approximated  by  the  equation 
of  a  straight  line  9 


m  0,983?+— 0.01, 


(7.32) 


which  indicated  good  agreement  between  the  calculated  and 
measured  water  content  values. 

Thus,  the  complex  measurements  which  were  carried  out  have 
shown  the  validity  of  the  assumption  that  the  large  discrepancie 
between  the  calculated  and  measured  absolute  values  of  the  three- 
dimensional  attenuation  coefficients  are  due  to  the  incorrect 
data  for  the  absolute  concentration  of  particles  collected  with 
the  aid  of  flux  traps . 

k.  Repeatability  of  various,  values  of  meteorological  range 
visibility  in  clouds  and  nebulae.  In  the  solution  of  many  problems 
it  is  necessary  tfilfc  we  knownow  often  certain  types  of  clouds 
or  nebulae  with  a  given  value  of  the  meteorological  visibility 
range  or  particle  concentration  N  or  water  content  Q  are  en¬ 
countered.  The  quantities  are  related  to  one  another  by  the  relations: 


AT. 


_ 3,912n» 

S*/  (6,8)  «/*  (y+2j{y  + 1) 


*  3,912.4/-en+3)rf 

Qm . 


(7.33) 

(7.34) 


and  formula  (7.11),  where  y  and  r  are  parameters  of  the  gamma 
distribution  by  dimension  for  the  particles,  F(0.5)  is  the 
effective  attenuation  factor  for  the  wavelength  A  ■  0.5  y,  and 
d  is  the  density  of  water. 

We  are  aware  of  only  one  study  made  by  Q.  M.  Zabrobskiy  [5351 
in  which  a  repeatability  table  for  various  values  of  the  meteor¬ 
ological  visibility  range  Sj(  in  clouds  and nebulae  was  obtained 
on  the  basis  of  direct  measurements  made  in  the  arctic  region  in 
the  warm  period  of  the  year  (203  measurements  innebulae  *457 
measurements  in  St,  433  in  Sc  and  148  in  Ns-As)  (see  table  7.4). 

If  we  use  the  data  about  water  content  repeatability  in  clouds 
obtained  by  V.  E.  Minervim  [3913  on  the  basis  or  a  treatment  of 
5000  water,  content  measurements  made  from  aircraft  over  various 
regions  in  the  USSR  on  the  basis  of  formula  (7*33),  then  for  the 
interval  of  the  most  probable  values  of  the  meteorological  visi¬ 
bility  range  we  obtain  Sm  »  388-130  m.  To  obtain  this  interval 
the  most  probable  water  content  values  between  the  limits  0.1-0. 3  g/m  . 
were  used  [391]  and  data  for  the  microstructure  parameters  r  *  6  v 
and  y  *  2. 
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In  conclusion  we  give  in  Table  7.5  values  of  the  water  content  \ 

Q  and  the  particle  concentration  N  in  clouds  and  nebulae  for  <.P  • 

certain  characteristic  selected  values  of  the  microstructure 
parameters  at  a  meteorological  visibility  range  of  S«  *  0.2  km.  ? 

The  data  in  the  table  were  calculated  using  formula  (7.33)» 

(7. 3*0.  It  can  be  seen  from  the  table  that  for  the  same  value  t 

of  Sm  *  0.2  km  the  water  content  and  the  particle  concentration  in 
various  clouds  and  nebulae  can  vary  between  the  limits  0.015  to 
0.324  g/m3  and  from  2.3  to  2.050  particles  per  cm3. 


5. Determination  of  the  aerosol  transparency  component  in  the 
infrared  region  from  the  data  In  the  visible  region  of  the  spectrum. 
f fie  possibility  of  determining  the  spectral  transparency  of  clouds 
and  nebulae  in  the  infrared  region  from  the  data  about  the  trans¬ 
parency  in  the  visible  wavelength  range  is  very  deceptive,  since 
the  latter  problem  can  be  solved  both  theoretically  and  experi¬ 
mentally  much  more  simply.  It  suffices  to  say  that  the  trans¬ 
parency  in  the  visible  region  of  To(0.5)  can  be  determined  from  visual 
measurements  of  the  meteorological  visibility  range  Spj  using  the 
well-known  relation  in  [5393  (if  we  take  for  the  contrasting 
eye  sensitivity  threshold  the  value  0.02). 


Ta  (0,5) -e" 


(7.35) 


where  1  is  the  distance  and 

a  (0,5) 


(7.36) 

J 


We  write  the  expression  for  the  spectral  transparency  for 
the  wavelength  x 


\ 


Prom  the  last  expression  and  from  (7.36),  we  obtain 

(7.37) 


(7.38) 

We  obtain  the  ratios  of  a(X)/o(0.5)  for  various  values  of 
the  parameters  of  the  microstructure  for  condensed  clouds  and 
nebulae  in  the  wavelength  range  0. 5-25  v  on  the  basis  of  new  data 
for  the  complex  refractive  index  of  water  (see  paragraph  2  in 
the  given  section). 

The  use  of  this  data  together  with  the  given  values  of  the 
meteorological  visibility  range  Sjj  or  the  coefficient  a  (0.5) 
solves  the  probelm  which  has  formulated. 


vnere 


r8(X)=*e  =ir„(o,5)i*>(M, 


..  \  _  £ t*  Wi  Ml 

« (0,5)  ~F[x  (0,5),  nl  * 
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-*'  It  can  be  seen  from  Figures  7. 5-7.8  that  the  same  value 

of  the  meteorological  visibility  range  Sjj,  or  equivalently,  the 
transparent  atmosphere  in  the  visible  region  Ta(o.5)  correspond 
to  various  values  of  the  transparency  T0(A)  for  a  given  wave¬ 
length  in  the  infrared  region,  which  depend  on  the  values  of  the 
parameters  of  the  microstructure  r  and  w.  For  concrete  values 
of  these  parameters  between  T(A)  and  T  (0.5)  or  SM  there  is  a 
unique  relation. 

In  practice,  when  this  method  is  used  to  solve  many  problems 
in  the  range  in  which  the  parameters  r  and  y  vary,  we  can  restrict 
ourselves  to  their  most  probable  values  given  in  Table  5.2  for 
various  clouds  and  nebulae.  The  values  of  the  meteorological 
visibility  range  Sm  encountered  most  frequently  in  clouds  and 
nebulae  of  various  types  are  given  in  Table  l.k. 

The  essential  advantage  of  the  method  proposed  for  determining 
the  spectral  transparency  of  clouds  and  nebulae  in  the  infrared 
region  from  the  data  about  the  transparency' in  the  visible  region 
of  the  spectrum  is  that  it  does  not  require  data  about  the  con¬ 
centration  of  aerosol  particles  which  are  determined  only  with 
difficulty  during  the  experiment. 


2-  v 


Fig.  7.10  Calculated  qt  versus  q*  deter- 
minded  in  experiments  from  the 
humidities  in  an  artificial 
nebula. 
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TABLE  7.4 

REPEATABILITY  IN  $  OP  METEOROLOGICAL  VISIBILITY  RANGE  IN 
IN  VARIOUS  CLOUDS  AND  NEBULAE  DURING  THE  WARM  PERIOD  OP 
THE  YEAR  IN  THE  ARCTIC  REGION  ACCORDING  TO  THE  DATA  OP 
G.  M.  ZABRODSKIY  [5353 


tJSt. 

sm.  M  • 

fc  Hmew 
16 

17-66 

11-166 

161—166 

161-360 

361-466 

St 

Sc 

Ns— As 
CTynaau 

0,1 

0.5 

0.1 

1.0 

2.0 

2.1 

5.4 

5.4 

21,7 

18 

10.1 
‘  10,3 

36.1 
35,6 

33.1 
32,9 

21.4 

21.1 

20,3 

21,7 

5.6 

7.1 

12.2 

11.3 

TABLE  7.4  continued 


<  Bum 

OtiHAKO* 

V  *  * 

401- 

sco 

501- 

600 

601- 

706 

701-306 

101-600 

661-1060 

(UUM^ 

1660 

St 

Sc 

Ns- As 
CTyitaifu 

4.4 

5.3 

2.7 

6.9 

4.2 

4.9 

2.0 

6.4 

2.7 

0.2 

1.3 

1.0 

1.5 

1.8 

2.7 

0.6 

0.7 

1.1 

1.4 

1.0 

0.1 

0.7 

0.7 

0.5 

oii 

1.0 

Key:  a.  Type  of  clouds 

b.  Less  than 

c .  Nebulae 

d.  Above 


e.  m 


TABLE  7.5 


WATER  CONTENT  Q  AND  CONCENTRATION  OF  PARTICLES  IN  SEVERAL  WATER 

WATER  CLOUDS  AND  NEBULAE 


A  XapiKrep  o&saxa 

lillAICIIIItf  n«* 
paMorpon 
;  MiH|H»npyK- 

t  »yi«4 

•M 

SM,  KM 

y 

Q, •/»* 

h 

N,  CM-i 

r,  MKM 

I* 

C  MwwoKMie/iwioe 

1 

2 

0.2 

0,031 

971 

1 

10 

0,015 

2050 

U  0&13KO  CO  CPCAHHMK  p*3- 

6 

2 

0.2 

0,194 

28 

MOpOMH  M3CTHK 

6 

10 

0,101 

65 

<  KpyniioxaneAbHoe 

10 

2 

0,2 

0,324 

10 

10 

to 

0,168 

2,3 

[See  key  on  following  page] 
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Key?  a.  Type  of  cloud  f. 

b.  Values  of  microstructure  parameters  g, 

c.  Small  drops  h. 

d.  Cloud  with  mean  dimension  of  particles  . 

e.  Large  drops 


cm- 3 


5.  Energy  Characteristics  of  the  Scattering  of  Visible  and 
Infrared  Waves  by  Mists 

1.  Attenuation  coefficients 


1.  Theoretical  studies 

The  theoretical  study  of  the  attenuation  coefficients  of 
polydispersed  aerosols  consisting  of  "soft"  transparent  particles 
with  distribution  functions  by  dimension  described  by  the  Young 
formula,  the  gamma  distribution  with  the  parameter  p  «  2,  and 
the  generalized  gamma  distribution,  were  carried  out  by  K.  S. 

Shifrim  and  V.  F.  Raskin  [5^0-5^21 . 

L.  S.  Ivlev  and  E.  L.  Yanchenko  [821]  calculated  the  attenu¬ 
ation  coefficients  for  polydispersed  aerosols  consisting  of  trans¬ 
parent  particles  with  the  refractive  index  m  *  1.5,  1.73.  For 
the  distribution  functions  of  the  particles  by  dimension  he  used 
the  Young  formula  with  parameter  values  $  *  2,  2.5,  3,  3.5, 
and  a  low  and  upper  bound  on  the  dimensions  ai  «  0.08  p  and 
a?  *  1.3,  v  and  distributions  of  the  type  obtained  in  articles 
[810 ]  and  [8ll],  It  has  been  shown  In  [821]  that  in  the  real 
atmosphere,  the  attenuation  coefficients  in  the  visible  region 
of  the  spectrum  can  differ  substantially  both  in  their  spectral 
behavior  as  well  as  in  their  absolute  values. 

Deirmejian  [489,  517]  calculated  the  attenuation  coefficients 
a  (a)  for  several  models  of  mist  taking  into  account  the  complex 
refractive  index  of  water  in  the  spectral  region  up  to  13  p. 

In  paper  [543],  the  coefficients  a(A)  were  calculated  for 
mist  and  the  dimension  spectrum  of  the  particles  which  was 
described  by  the  Young  formula  with  parameter  values  of  g  *  3, 

4,  5,  taking  into  account  the  complex  refractive  index  of  water. 

The  minimum  and  maximum  values  of  the  radii  of  the  particles  which 
were  adopted  were  0.1  and  1.0  p.  The  calculations  were  made 
in  the  wavelength  range  0.5-14  p.  The  values  of  the  coeffioierts 
a (A)  which  were  obtained  were  conveniently  represented  in  the 
form  of  the  ratio.  a(A)/a(0.5)  s  w(A). 
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When  w(\)  is  known,  the  value  of  the  attenuation  coeffi¬ 
cient  a ( A )  of  the  atmospheric  mist  is  easily  calculated  for  var¬ 
ious  values  of  the  meteorological  visibility  range  S^: 

a(A)=M!iu(A)  [(wi-i).  (7.39) 

An  new  series  of  data  about  the  coefficients  <x(a)  was  ob¬ 
tained  by  us  on  the  basis  of  more  precise  values  of  the  complex 
refractive  index  of  water  (see  paragraph  4  and  Supplement  2). 

The  calculations-  were  made  for  many  wavelengths  in  the 
visible  and  infrared  rgions  in  the  range  from  0.3-25  u.  Several 
values  were  taken  for  the  minimum  and  the  maximum  dimensions  of 
the  particles,  mainly  ai  *  0.01,  0.05>  0.1  y  and  *  1,0>  5.0, 

10  y.  This  enabled  us  to  clarify  the  contribution  to  the  magni- 
{  tude  of  the  coefficients  a(A)  of  the  proportions  of  particles 
j  with  different  dimensions.  The  results  of  the  the  new  calcula- 

i  tions  of  a ( A )  are  discussed  in  articles  [544],  Some  of  the  data 

obtained  were  plotted  inPigures  7.11-7.13. 

i 

I  It  can  be  seen  from  these  figures  that  the  most  important 

|  effect  on  the  spectral  behavior  of  the  coefficients  a(A)  in 

mist  is  exerted  by  the  parameter  8,  which  characterizes  the  curv¬ 
ature  of  the  distribution  curve  of  the  particles  by  dimension 
;  described  by  the  Young  formula.  The  contribution  of  the  slow 
motion  of  particles  which  form  small  drops  (dimensions  ai  from 
i  0.1  to  0.01  y)  to  the  value  of  the  attenuation  coefficient  is 
,  negligibly  small,  in  spite  of  the  fact  that  the  concentration 

|  of  these  particles,  in  accordance  with  the  Young  formula,  is 

very  high. 

Figure  7.14  compares  the  second  series  of  our  calculations 
of  the  coefficients  a  (A),  which  shows  a  substantial  discrepancy 
between  these  individual  spectral  regions. 

i  Figures  7.15-7.17  show  the  curves  for  the  aerosol  component 

;  of  the  spectral  mist  transparency  Ta(A),  calculated  using  the 
i  new  data  for  the  coefficients  a(A). 

1  Table  7.6  gives  the  values  of  the  coefficients  a(A)  obtained 

by  us  for  the  most  probable  values  of  the  parameters  of  the 
mist  microstructure:  0  *  4,  ai  *  0.05  y,  a?  *  5.0  y,  for  the 

;  meteorologica  .  visibility  range  in  the  layer  of  the  atmosphere 
■  near  the  earth's  surface  Sj/j  ■  10  km.  The  coefficients*  o(x)  for 
other  values  of  S^j  are  obtained  directly  from  Table  7.6,  since 
their  values  are  inversely  proportional  to  Sm. 

We  will  now  consider  the  limits  of  applicability  of  the 
data  obtained  for  the  coefficients  a(A).  We  will  analyze  two 
assumptions  which  are  use  during  the  calculations:  1)  the 
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mist  particles  are  assumed  to  be  spherical  water  particles,  2) 
the  dimension  spectrum  is  described  by  the  empirical  Young  form¬ 
ula. 


w  0,50  i,00  1,00  3,96  7,90  t5jt  31,6. 

X,mkh  F 

Pig.  7.11.  Attenuation  coefficient  for  mist 
in  the  wavelength  range  0.3-25  y 
for  Sm  *  10  km,  8  *  4,  *  O.ly, 

a2  *  1.0  y  (curve  1),8  «  1, 

ai  *  0.01  y,  ag  “  1°  y  (curve  2). 

Key:  a.  km”1 
b .  y 


O 
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0,50  IfiO  ZfiO  3,96  7,90  15,6  31,6 . 

\,MKM  b 

Pig.  7.12.  Attenuation  coefficients  in  mists 
for  the  wavelength  range  0.3-25  y 
for  Sfj  *  10  km,  a^  *  0.05  »*>  a2  *  5.0  y, 


Key:  a.  km”1,  b. 
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Fig.  7.13.  Attenuation  coefficients  for  mist 
in  the  wavelength  range  0.3-25  y 
for  various  values  of  for  8  »  4, 
a^  ■  0.05  y  *  &2  “  5.0  y . 

Key:  a.  km-1 

b.  y 

c.  km 


Fig.  7.1**.  Comparison  of  attenuation  coeffi¬ 
cients  for  mist  in  the  wavelength 
range  0. 5-1*1. 0  y  calculated  from  the 
Centano  data  [518]  for  the  complex 
refractive  index  of  water  and  the  author’s 
data  for  the  microstructure  parameters 
6  -  4,  ai  -  0.1  y,  a2  -  1  y. 

Key:  a.  y 
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Pig.  7.15.  Aerosol  components  of  spectral 

transparency  of  mist  in  the  wave¬ 
length  range  0.3-25  y  for  SM  »  1  km, 
g  ■  4,  ai  ■  0.05  y  »  &2  *  5.0  y  . 

Key:  a.  y 
b.  km 


Fig,  7.16.  Aerosol  components  of  spectral 
transparency  of  mist  in  the  wave¬ 
length  range  0.3-25  u  for  Sm  *  1  km, 
0  ■  4,  ai  ■  0.05  v,  &2  -  5.0  v. 


Key :  a .  y 
b.  km 


transparency  of  mist  in  the  wave¬ 
length  range  0.3-25  y  for  ■  50  km 
0  ■  4,  ai  *  0.05  v,  a£  ■  5*0  w. 


TABLE  7.6 


THE  COEFFICIENT  a(\)  FOR  THE  MOST  PROBABLE  VALUES  OF  THE  MICRO¬ 
STRUCTURE  PARAMETERS  AND  THE  METEOROLOGICAL  VISIBILITY  RANGE 
SM  -  10  km  IN  THE  ATMOSPHERE  LAYER  NEAR  THE 
SURFACE  OF  THE  EARTH. 


Key:  a.  y 

b.  km-1 


The  results  which  were  obtained  *  strictly  speaking, 
cannot  be  applied  to  mist  which  consists  of  other  than  only  con¬ 
densed  two  layer  particles  with  hard  nuclei.  However,  as  shown 
in  artiple  [484,  486],  the  admissible  error  which  occurs  when 
the  two- layer  form  of  the  particles  is  ignored  is  small,  when 
the  dimension  of  the  hard  nuclei  are  considerably  smaller  than 
the  dimensions  of  the  water  shells.  If  the  mist  particles  have 
nonspherical  form,  then  the  results  obtained  must  be  consJ/^red 
as  a  certain  approximation  of  reality,  keeping  in  mind  that  'he 
chaotic  orientation  of  the  particles  makes  it  possible,  in  prin¬ 
ciple,  to  find  a' spherical  dimension  spectrum  for  the  particles 
which  is  equivalent  with  respect  to  the  attenuated  radiation. 
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As  we  already  mentioned  In  Chapter  5,  the  Young  formula 
gives  an  approximate  idea  about  the  real  dimension  spectrum  of 
atmospheric  aerosol  particles  which  are  obtained,  as “a  rule, 
after  a  large  number  of  particle  distributions  by  dimension 
which  occurred  are  averaged.  In  this  regard,  the  data  obtained 
about  .the  polydispersed  attenuation  coefficients  in  mist  must 
be  considered  as  certain  mean  characteristics.  In  every  concrete 
case,  the  coefficients  a(x)  will  differ  from  those  calculated 
with  the  aid  of  the  Young  formula.  However,  to  calculate  the 
value  of  o(x),  using  real  distributions  by  dimension  for  the 
particles,  so  far  the  data  available  for  these  distributions 
are  completely  Inadequate. 

2.  Experimental  studies.  Most  experimental  studies  consider 
the  visible  region  of  the  spectrum.  This  is  explained  by  the 
fact  that  measurements  are  made  comparatively  easily  in  this 
region,  and  that  the  radiation  is  almost  not  absorbed  at  all  by 
gases  in  these  regions,  so  that  the  quantity  which  interests  us 
is  easily  obtained  from  the  measurement  results  corrected  fpr 
molecular  scattering,  the  exact  characteristics,  of  which  are 
known  sufficiently  well. 

Below  we  will  show  the  main  difficulty  in  determining  ex¬ 
perimentally  the  attenuation  coefficients  a(x)  in  the  infrared 
region  of  the  spectrum.  This  difficulty  is  related  not  only  to 
the  necessity  of  taking  into  account  the  selective  absorption  by 
the  gas  component  in  the  atmosphere,  but  also  to  the  presence 
of  continuous  absorption  by  the  tails  of  far,  strong  lines, 
which  lie  in  the  corresponding  vibration-rotation  and  also  pure 
rotation  absorption  bands.  For  the  time  being,  not  enough  data 
is  available  about  this  continuous  absorption  (see  paragraph  6, 
Chapter  3). 

Thus,  the  most  reliable  experimental  data  about  the  coeffi¬ 
cients  o(x)  in  the  atmosphere  during  direct  measurements  can 
be  obtained  in  the  visible  region  of  the  spectrum,  and  also  in 
most  shortwave  transparent  ,f windows"  in  the  infrared  region, 
where  the  effect  of  continuous  absorption  still  plays  an  im¬ 
portant  role. 


;*  0.  I.  Popov  [5453  measured  mist  transparency  for  the  wave- 

fi  lengths  0.313,  0.546,  1.024  y,  during  various  meteorological 

|  visibility  ranges  Sj^  (1.6-58  km)  in  the  layer  of  the  atmosphere 

|  near  the  surface  of  the  earth.  Extrapolating  the  results  obtainec 

I  for  other  wavelengths  in  the  interval  studied,  he  constructed 

I  curves  for  the  spectral  behavior  of  the  coefficient  <*(x)  in  the 

|  mist  for  various  which  are  given  in  Fig.  7.18. 

£ 

I  In  the  work  of  Curcio  [546]  and  Knestricka,  Cosden  and 

|  Curcio  [547],  the  coefficients  a(X)  were  measured  in  ten  narrow 

1  regions  of  the  spectrum  in  the  range  0.4-2.27  y.  The  values 


*• 

t 
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of  a(X)  for  the  wavelengths  1.65  and  2.27  ti  are  free  of  the  ef¬ 
fect  of  absorption  by  water  vapor  and  methane.  The  data  about 
absorption  by  water  vapor  and  methane  were  taken  from  the  work 
of  Passman  and  Larmore  [5^8].  All  measurements  were  made  in  the 
layer  of  the  atmosphere  near  the  earth's  surface  on  measurement 
paths  515  and  16.3  km  long,  at  various  meteorological  visibility 
ranges. 


Fig.  7.18.  Scattering  coefficients  in  mist 

for  various  values  of  Sjj  according 
to  the  data  in  [5^5]; 

1)  Sm  -  1.6  km  2)  SM  *  2.5  km 

3)  SM  *  4.3  km  4)  SM  »  8.4  km 

5)  SM  -  13.4  km  6)  SM  *  29.6  km 

7)  Sm  *  58.5  km  8)  Rayleigh  scat¬ 

tering  coefficient 

Key:  a.  km”1 
b .  w 


[Note:  Pages  310  and  311  missing  in  original] 

An  original  investigation  of  the  aerosol  attenuation  coeffi¬ 
cients  in  the  infrared  region  for  the  wavelengths  2,  4,  8  and 
10  y  was  carried  out  by  Dennis  [555].  His  method  completely 
eliminates  the  effect  both  of  the  selective  and  the  continuous 
absorption  by  the  gas  component  of  the  atmosphere,  however  the 
accuracy  of  the  measurement  results  can  hardly  be  considered  to 
be  satisfactory. 

Summarizing  the  discussion  of  the  experimental  work,  we  note 
an  essential  shortcoming  which  all  of  this  work  has  in  common. 
This  shortcoming  is  that  the  microstructures  of  the  aerosols 
which  make  the  atmosphere  turbid  are  not  taken  into  account 
simultaneously  with  the  Optical  measurements.  This  fact  makes 
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It  practically  impossible  to  carry  out  a  one  to  one  comparison 
of  the  experimental  data  with  the  corresponding  theoretical  data. 


2.  The  Aerosol  Transparency  Component  of  Mist  at  Various  Alti¬ 
tudes  and  in  Slanted  Directions  in  the  Atmosphere 

1.  Theoretical  studies.  VTe  write  down  the  general  formulas 
for  the  aerosol  components  of  the  spectral  transparency  of  mist 
for  slanted  directions  in  the  atmosphere 


7a(X)=*e-t, 

(7.40) 

i 

t=  j  a(X,l)dl, 

(7.41) 

as 

a(X,  l)=N (/)  j  <r(X,  a)f(a,t)da , 

(7.42) 

o(X,  a)  =  naVC  (p,  m). 

(7.43) 

where  Tfl(x)  is  the  component  of  the  spectral  transparency  of 
mist  which  originated  only  as  a  result  of  aerosol  radiation  at¬ 
tenuation,  1  is  radiation  path,  N  is  the  particle  concen¬ 
tration  which  varies  along  the  beam,  cr(X,  a)  is  the  attenuation 
coefficient  of  a  particle  of  radius  a,  and  K  is  the  attenuation 
,  efficiency  factor  of  the  particle. 

The  distribution  of  the  particle  concentration  along  the 
altitude  can  be  described  by  f ormulas ( 5 . 8 ) ,  which  were  selected 
by  us  on  the  basis  of  the  approximate  data  of  Young  for  the 
concentration  of  optically  reactive  aerolol  particles  at  various 
altitudes. 

Formulas  (7 - ^0)— (7 . ^3) »  (5.8)  together  with  the  formulas 
and  tabular  data  for  the  function  K(p,M)  which  were  studied  in 
Chapter  6,  enable  us  to  calculate  the  aerosol  component  of  the 
spectral  mist  transparency  along  slanted  directions  in  the  at¬ 
mosphere.  Using  the  procedure  described,  the  calculation  of 
Ta(x)  has  shown,  that  for  the  model  of  the  atmosphere  described 
by  formulas  (5.8),  aerosol  attenuation  need  not  be  taken  into 
account  in  atmospheric  layers  above  5  km  when  the  radiation  is 
propagated  under  all  possible  angles  to  a  distance  up  to  1000  km. 
Consequently,  only  aerosol  attenuation  in  the  lower  5-km  atmos¬ 
pheric  layer  in  which  the  particle  concentration  decreases  ex¬ 
ponentially  with  the  altitude  is  of  interest  [see  (5.8)].  In 
this  case,  we  can  obtain  a  relatively  simple  formula  for  cal¬ 
culating  Ta(x). 
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Introducing  the  notation  C’  *  7  ira2f(a,  0),  we  can  write 

a  1 


a(X)  =  QF=  V(2)C'F, 


<7.44) 


where  Q  is  the  geometric  section  of  the  particle  per  unit  volume 
[see  (7.11)3; 


* 

I  ("TT'’ m)  ^a>  ®da 


(7.45) 


$  JW*/(«I  p)da 


form 


We  write  (7.40),  taking  into  account  (7.44),  in  differential 


dTa(ty  —  —N  (z)C'Fdl. 


(7.46) 


The  initial  condition  for  equation  (7.46)  is  Ta(x)  *  1  when  i  *  0. 

Suppose  that  the  beam  travels  over  a  certain  distance  between 
the  altitudes  and  Z2  at  an  angle  8  formed  with  the  vertical 

line.  Then  d£  *  secedz.  We  will  assume  that  only  the  particle 
concentration  changes  with  the  altitude,  and  that  the  parameter 
g  in  formula  (5.6)  for  the  distribution  functions  of  particles 
by  dimension  does  not  depend  on  the  altitude.  Taking  into  ac¬ 
count  that  in  this  case  C’  and  P  also  do  not  depend  on  the  alti¬ 
tude,  integrating  (7.46)  over  the  altitude  and  transforming  the 
equation  obtained,  we  obtain  the  following  formulas  for  the 
quantity  t  in  the  expression  for  Ta(X)  [see  formula  (7.40)3: 


t  (*,  2„  2„  6)  -  sec  0  » (X)  1 


(7.47) 


where 


T  (1,  2»,  0)  -  Sec  0  (T  (20 -T  (2,)J, 

°* 

f  na*K  (  — i  n  J  I  (a,  |J)  da 

I*.  ai  _  ^ (M  _ 

•W— * - -  -  «CT' 

J  M*K(ffctin)na,P)da 


(7.48) 


(7.49) 


(7.50) 
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Using  the  fact  that  N(5)  *  0.03  (see  the  second  formula  in 
(5.8)],  using  formula  (7.3 6),  (7.^2)  and  (7.50),  we  can  obtain 

b  =  2,78  -  0,460  lgS„(0),  (7.51) 

where  Sm(0)  is  the  meteorological  visibility  range  near  the 
surface  of  the  earth. 

Formula  (7.^7) »  (7.51)  and  Table  7.6  make  it  possible  to 
solve  the  question  of  the  aerosol  component  of  the  spectral  trans¬ 
parency  of  mist  for  various  geometric  arrangements  of  the  source 
*md  receiver  in  the  lower  5-km  layer  of  the  atmosphere.  Fig.  7.21 
gives  the  results  of  the  calculations  of  the  quantity  Ta(x)in 
the  vertical  direction  when  e  ■  4,  ai  ■  0.05  m,  a2  •  5  p.  The 
role  played  by  various  layers  in  the  radiation  attenuated  by 
mist  in  the  vertical  direction  is  demonstrated  in  Fig.  7.22. 


}  It  should  be  kept  in  mind,  that  the  quantities  Ta(x)  consi- 

■  dered  were  obtained  for  a  model  of  the  atmophere  with  a  definite 
mean  from  the  statistical  distribution  of  the  atmospheric  aerosol 
i  particle  concentration  along  the  h.eight.  The  dimension  spectrum 
*  of  the  particles  was  considered  to  be  independent  of  the  height. 

In  each  concrete  case,  the  real  distribution  of  the  concentration 
and  dimensions  of  the  particle  differed  to  a  greater  of  lesser 
extent  from  that  described  by  the  adopted  model.  In  addition 
to  this,  it  is  also  necessary  to  keep  in  mind  the  remarks  made  about 
the  applicability  l  i  m  its  of  the  data  to  the  coefficients 
o (X )  which  were  made  in  the  previous  section. 


The  quantitative  data  obtained  in  article  [544]  and  the 
quantitative  data  considered  above,  which  characterize  the  ra¬ 
diation  scattering  on  mist  particles  in  slanted  directions  in 
the  ammosphere,  apply  mainly  to  the  infrared  region  of  the  spec¬ 
trum.  Analytical  expressions  for  the  scattering  coefficients 
and  the  optical  layers  in  the  visible  region  of  the  spectrum  in 
slanted  directions  in  which  the  radiation  is  propagated  in  the 
atmosphere  were  obtained  in  the  work  of  K.  S.  Shifrin  and  I.  N. 
Minin  [555]*  which  was  devoted  to  developing  a  theory  of  a  non¬ 
horizontal  visibility  range. 

2.  Experimental  studies .  In  the  last  few  years,  substantial 
progress  wnas  made  in  the  experimental  study  of  aerosol  scattering 
at  various  altitudes  in  a  wide  band  of  waves.  Only  a  few  years 
ago,  we  mainly  had  data  in  the  visible  region  of  the  spectrum 
which  were  obtained  from  measurements  made  from  earth  and  a 
limited  number  of  observations  from  airplanes.  At  the  present 
time,  however,  many  studies  were  carried  out  at  various  altitudes 
both  in  the  visible  and  in  the  infrared  regions.  In  all  measure¬ 
ments  the  radiation  source  used  is  the  sun,  and  the  receiving 
apparatus  is  mounted  on  airplanes,  aerostats,  artificial  earth 
satellites,  or  on  the  ground,  when  the  atmosphere  is  probed  with 
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the  aid  of  projector  and  laser  beams  using  the  twilight  and  some 
other  methods. 


Fig.  7*21.  Aerosol  components  of  spectral 
mlat  transparency  in  the  verti¬ 
cal  direction  in  the  lower  5-km 
layer  of  the  atmosphere  when: 

1)  SM(0)  •  1  km,  2)  Sm(0)  « 

10  km,  3)  SM(0)  »  50  km. 


Key:  a.  y 


Fig.  7.22.  Aerosol  components  of  spectral 
mist  transparency  in  the.  verti¬ 
cal  direction  for  the  atmosphere 
layer:  1)  0-0.5  km,  2)  0-5.0  km 
when  SM  ■  5  km. 

Key :  a .  y 


The  most  important  results  of  the  studies  of  the  vertical 
aerosol  attenuation  coefficients  profiles  which  are  used  when 
the  atmosphere  is  described  as  a  scattering  medium  have  been 
considered  in  Chapter  5.  We  will  characterize  briefly  the  work 
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which  Is  not  Included  in  the  survey  in  Chapter  5.  The  most 
detailed  data  from  airplane  Investigations  were  obtained  by 
G.  P.  Parapanova  [556],  Yu..  I.  Rabinovich  [436.  558,  5593  and 
G.  P.  Gushchin  [435,  561,  562].  The  measurements  were  carried 
out  for  a  series  of  wavelengths  In  the  visible  and  nearest  infra¬ 
red  regions  at  various  altitudes  up  to  6-7  km  above  various 
regions  of  the  USSR.  The  results  of  the  studies  reduce  to  the 
following.  The  values  of  the  aerosol  attenuation  coefficient 
at  various  altitudes  and  the  aerosol  optical  layer  of  the  atmos¬ 
phere  above  the  given  altitudes  vary  on  the  order  of  1-2  magnitudes  from 
case  to  case.  The  relation  between  the  aerosol  attenuation 
coefficients  and  the  altitude  Is  approximated  with  an  accuracy 
up  to  15-20*  by  an  exponential  curve.  The  lower  1-km  layer 
plays  the  dominant  role  In  the  general  radiation  attenenuation 
over  the  entire  layer  of  the  atmosphere.  The  same  conclusion  was 
reached  in  articles  [563-565]. 

Since  the  aerosol  attenuation  coefficients  decrease  exponent¬ 
ially  with  the  altitude,  they  decrease  on  the  order  of  1-2  magnitudes  at 
the  altitudes  3-5  km  in  comparison  with  the  values  near  the  surface 
of  the  earth.  Nevertheless,  only  in  the  violet  and  blue  regions 
of  the  spectrum  at  these  altitudes  the  Rayleigh  coefficients  turn 
out  to  be  equal  to  or  even  somewhat  exceed  the  aerosol  coeffi¬ 
cients.  In  the  red  and  even  more  so  in  the  infrared  part  of 
the  spectrum,  the  aerosol  coefficients  are  larger  than  the  Rayleigh 
coefficients  at  all  altitudes  which  were  studied  in  the  papers 
discussed.  At  high  altitudes,  the  aerosol  coefficients  were  also 
observed  to  exceed  the  Rayleigh  coefficients:  in  article  [433], 
up  to  50  km,  and  in  [434],  up  to  100  km. 

The  measurements  of  G.  P.  Parapanova  detected  the  practically 
neutral  spectral  behavior  of  the  aerosol  attenuation  coefficients, 
which  is  equivalent  to  the  exponent  n  being  equal  to  0  in  the 
well-known  empirical  Angstrom  formula  which  describes  the  relation 
between  the  scattering  coefficient  a  and  the  wavelength  A: 

et  =  a-n,  (7.52) 

« 

where  C  is  a  constant  determined  from  the  experiment. 

Yu.  I,  Rabinovich  obtained  an. analogous  result  for  atmos¬ 
pheric  layers  above  1  km,  and  for  the  lower  kilometer  layer  and 
for  the  entire  layer  of  the  atmosphere,  the  exponent  n  in 
formula  (7152)  turned  out  to  be  approximately  equal  to  1.  G.  P. 
Gushchin  determined  the  mean  value  n»1.32  during  the  measure¬ 
ments,  and  the  minimum  and  maximum  values  were  equal  respectively 
to  1.03  and  1.48. 

The  neutral  spectral  behavior  of  the  attenaution  coefficient 
is  understandable  if  we  assume  that  the  corresponding  layers  of 
the  atmosphere  contain  large  particles.  Such  an  assumption 
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agrees  with  the  data  In  articles  [432,  363*  366,  3673. 

We  note  that  the  Angstrom  formula  has  been  rather  widely 
used  in  describing  the  experimental  data  about  tbs  spectral 
behavior  of  the  aerosol  attenuation  coefficient.  When  this  was 
done,  various  investigators  obtained  different  values  for  n. 

Thus,  Schmolinsky  [568]  gives  n  ■  0.92  ±  0.25,  Curcio  [546] 
obtained  n  *  1.3  ±  0.6,  T.  P.  Toropova  [5653»n  »  1.1,  2.1  and 
2.3,  K.S.  Shlfirn  and  V.  F.  Raskin  [540],  using  the  gamma  distri¬ 
bution  for  the  dimensions  of  the  particles,  for  y  -  2,  obtained 
with  the  mean  radii  of  the  particles  equal  to  0.05,  0.1,  0.2 
and  0.5  y  values  of  n  which  were  equal  to  respectively  3*3*  3.0, 

2.5  and  2.1.  Foitzik  and  Zskhaeec  1569J  found  from  measurements 
when  Sm  >  7.5  km  that  n  *  1.2  —  1.5*  when  S#  »  2  km,  n  ~  0.9. 

0.  P.  Popov  [5453  for  the  transparency  range  49-601  obtained  for 
AA  »  1.2  -  1.5  y,  n  «  2,  and  for  AA  ■  1.014  -  0.546  y,  n»1.2  -  1.3. 
In  article  [820]  the  quantity  n  was  measured  between  the  limits 
0.30  -  2.15,  with  the  mean  value  equal  to  0.8l.  The  authors  of 
[820]  make  the  valid  remark  that  formula  (7*52)  is  by  far  not 
always  Justified. 

The  team  of  K.  Ya.  Kondrat’ev  [445]  obtained  from  balloons 
the  vertical  profiles  of  the  solar  radiation  attenuation  (in 
steps  of  1.0  km)  by  atmospheric  aerosols  in  layers  of  the  atmos¬ 
phere  up  to  the  altitudes  25  -  30  km.  The.  profiles  which  were 
obtained  differ  somewhat  from  those  determined  by  V.  V.  Nikola- 
eva-Tereshkov  and  Q.  V.  Rozenberg  [822]  from  measurements  made 
from  a  spaceship.  In  the  last  study,  two  maxima  were  discovered 
in  the  vertical  profile  of  the  attenuation  coefficient  (Fig.  7.23). 

In  [4453,  these  maxima  are  not  quite  as  pronounced,  and  are  some¬ 
what  shifted  laterally  in  the  direction  of  lower  altitudes.  In 
addition  of  this,  in  [445]  additional  maxima  were  found  in  the 
altitude  profile  of  the  attenuation  coefficient,  in  particular, 
near  the  6-km  level. 

The  existence  of  an  aerosol  layer  with  higher  values  of  the 
attenuation  coefficient  at  an  altitude  of  about  19  km  was 
detected  during  measurements  which  were  made  in  twilight  and  in 
daytime  from  the  spaceships  Vostok and  "Voskhod”  (East  and  rise) 

[8233. 

Newkirk  [440,  446]  on  the  basis  of  measurements  which  were 
made  using  balloons,  discovered  very  thin  layers  with  higher 
values  of  the  scattering  coefficients.  These  layers  were  ap¬ 
proximately  30  m  thick.  The  intervals  between  these  layers 
were  filled  by  layers  of  relatively  clean  air  with  vertical 
height  on  the  order  of  300  m. 

The  presence  of  maxima  in  the  vertical  profile  of  the  aerosol 
attenuation  coefficients  is  observed  up  to  altitudes  at  which 
the  ionosphere  layers  are  found.  The  upper  boundary  of  atmospheric 
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aerosol  according  to  the  data  of  various  Investigators  lies  In 
the  range  from  100  to  150  km  [824]. 


a 


Pig.  7.23.  Vertical  profile  of  the  aerosol 

attenuation  coefficient  according 
to  the  data  In  article  [822], 

Key:  a.  km  . 
b.  km-i 


Q.  V.  Rosenberg  [895]  constructed  a  summary  graph  for  the 
dependence  of  the  aerosol  attenuation  coefficient  on  the  altitude, 
on  the  basis  of  optical  measurements  which  were  made  in  studies 
[435,  559,822,  901-905].  The  data  which  were  obtained  in  these 
studies  using  various  methods  turned  out  to  be  close  and  re¬ 
presented  the  entire  picture  of  the  approximately  exponentially 
decreasing  attenuation  coefficients  for  a  series  of  wavelengths 
in  the  visible  region  of  the  spectrum  up  to  the  altitude  of  100  km. 
The  value  of  the  attenuation  coefficient  decreased  approximately 
by  6  orders  of  magnitude  for  all  wavelengths  when  the  alticude 
varied  from  0  to  100  km.  For  all  altitudes,  the  aerosol  attenu¬ 
ation  coefficient  turned  out  to  be  at  least  several  times  larger 
than  the  molecular  scattering  coefficient.  An  exception 
to  this  were  two  narrow  altitude  intervals  (approximately  from 
5  to  8-9  km  and  from  25  to  30  km  )  where  the  aerosol  attenuation 
coefficients  were  very  small. 

Summing  up  the  data  of  the  experimental  studies  of  aerosol 
scattering  at  different  altitudes,  primarily  the  great  variabil¬ 
ity  of  the  vertical  scattering  coefficient  profile  must  be 
emphasized,  and  the  presence  of  a  layer  structure  in  the  entire 
aerosol  layer  of  the  atmosphere.  The  maxima  in  the  altitude  , 


profiles  of  the  scattering  coefficients  are  caused  by  the  presence 
of  the  corresponding  aerosol  lyaers.  Some  of  these  layers  are 
stable  in  time  (for  example,  the  layer  at  an  altitude  of  ap¬ 
proximately  20  km),  others  occur  randomly.  In  spite  of  the  con¬ 
siderable  amount  of  work  dedicated  to  the  experimental  study  of 
the  aerosol  component  of  the  transparent  atmosphere  for  the 
visible  and  infrared  waves,  the  data  which  was  obtained  so  far 
is  still  inadequate  to  make  definite  conclusions  about  the  mean 
statistical  vertical  profiles  of  the  attenuation  coefficients 
and  their  variability. 

As  in  the  case  of  the  experimental  work  discussed  in  para¬ 
graph  1,  all.measurements  of  aerosol  attenuation  coefficients 
at  different  altitudes  were  not  accompanied  by... 

[Note:  Pages  320  and  321  missing  in  original.] 

...the  coefficients  a(l)  are  easily  obtained  directly  from  the 
table,  since  a(A)  is  inversely  proportional  to  the  value  Sm(0). 

We  note  that  the  Elterman  model  describes  only  very  approx¬ 
imately  the  aerosol  scattering  at  various  altitudes.  It  does 
not  take  into  account  the  Jump  in  the  vertical  aerosol  concentra¬ 
tion  profile  which  occurs  at  the  altitude  of  5  km,  and  the  pre¬ 
sence  of  aerosol  layers.  In  addition  to  this,  it  is  assumed 
that  above  30  km  the  aerosol  attenuation  is  equal  to  0.  However, 
so  far,  a  better  model  has  not  yet  been  developed. 


6.  Energy  Characteristics  of  the  Scattering  of  Visible  and 
Infrared  Waves  by  Precipitation 

Precipitation  particles  for  the  visible  and  infrared  wave 
bands  can  be  considered  as  large  particles  for  which  we  can 
assume  K(p,  m)  ■  2.  In  this  case,  if  the  particles  are  assumed 
to  be  spherical,  we  obtain  for  the  attenuation  coefficients 

00 

a  (>.)  =  N  £  na'K  <p ,  m)  /  (a)  da  =  2Q, 
o 

where  Q  is  the  geometric  unit  section  of  the  particle  cross  section, 
determined  from  formula  (7.11). 

The  assumption  that  raindrops  are  spherical  is  fully  Justi¬ 
fied.  Thus,  the  attenuation  coefficient  of  rain  does  not 
depend  on  the  wavelength  and  is  uniquely  determined  by  the  geo- 
metric  cross  section ‘Q  which,  for  tne  given  characteristics  of  the 

microstructure,  is  uniquely  related  to  the  water  content. 
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The  relation  between  the  coefficient  a(x)  and  the  parameters 
of  the  microstructure  of  rains,  as  the  measurement  of  E.  A.  Polya¬ 
kova  [453]  have  shown, is  negligible  when  compared  to  the  corre¬ 
lation  between  the  coefficient  a(X)  and  the  rain  intensity  I: 

a=--0,21/°>n,  (7.53) 


where  I  is  expressed  in  mm/h  and  a  in  km"1.  The  correlation 
coefficient  between  lg  a  and  lg  I  turned  out  to  be  equal  to 
0.95  ±  0.01.  Lgaand  lg  <0  are  even  more  highly  correlated. 

Here  u  is  the  rain  water  content  in  g/m3  (the  correlation  co¬ 
efficient  is  equal  to  0.97  ±  0.01). 

An  analogous  correlation  between  the  coefficient  a  and 
snowfall  intensity  was  obtained  in'  the  work  of  E.  A.  Polyakova 
and  V.  D.  Reet'yakov  [570].  The  correlation  coefficient  turned 
out  to  be  equal  to  .91  ±  0.02.  The  correlations  between  the 
coefficients  a  and  the  rain  and  snowfall  intensities,  which  were 
obtained  in  [453]  and  [570],  have  been  confirmed  in  the  study 
of  Jefferson  [571]. 

Thus,  the  attenuation  coefficients  of  the  visible  and  infrared 
radiation  by  precipitation  particles  can  be  considered  for  all 
practical  purposes  to  be  independent  of  the  wavelength.  This 
conclusion  holds,  at  least,  for  radiation  wavelengths  which 
satisfy  the  condition  X  <  15-20  p.  Numerical  values  of  the  co¬ 
efficient  are  easily  determined  if  the  precipitation  intensity 
is  know. 


7,  Scattering  Indicatrices  of  Polydispersed  Aerosols 

Analytical  expressions  which  can  be  used  to  calculate  the 
scattering  indicatrixes  of  polydispersed  aerosols  consisting  of 
"soft"  transparent  particles  with  various  distribution  functions 
by  dimension  were  obtained  by  K.  S.  Shifrin  and  V.  P.  Raskin 
[540-542],  The  distributions  used  were  the  gamma  distribution 
with  thp  parameter  p  »  2,  the  generalized  gamma  distribution, 
the  Young  formula  with  parameter  values  6  *  4,  5  and  6.  The 
data  for  the  scattering  indicatrixes  for  the  Young  distribution 
and  distributions  of  the  Young  type  with  parameter  values 
6  ■  3,  4,  5,  6,  and  8  with  a  minimum  dimension  ai  »  0.0175, 

0.052,  0.082  p  and  refractive  index  n  ■  1.33,  1.44,  1.50  [2,  105] 
were  obtained  in  the  work  of  K.  S.  Shifrin  and  E.  A.  Chayanova 
[572],  Tables  for  calculating  the,  scattering  indicatrix  in  the 
region  of  small  scattering  angles  were  obtained  in  article  [573]. 

Diermejian  [517]  calculated  the  scattering  indicatrix  for 
two  models  of  mist  and  one  model  of  a  cloud  taking  into  account 
the  complex  refractive  index  of  the  particles  for  various  wave¬ 
lengths  in  the  region  from  0.45  to  16.6  p. 
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The  polydlspersed  scattering  indicatrixes  were  calculated 
for  media  in  which  the  dimensions  of  the  particles  were  distri¬ 
buted  according  to  the.  Young  distribution  for  values  of  n  * 

1.25  and  1.50  for  five  wavelengths  in  the  visible  region  of  the 
spectrum  by  T.  P.  Toropova  [825,  826],  The  parameters  e  and 
upper  bound  for  the  particle  dimensions  took  on  various 
values . 

A  considerable  number  of  studies  were  devoted  to  the  experi¬ 
mental  study  of  the  scattering  indicatrixes  of  visible  radiation 
under  various  conditions  in  the  layer  of  the  atmosphere  near  the 
earth's  surface,  and  during  solar  radiation  measurements  in  a 
cloudless  sky.  The  results  of  these  studies  were  generalized 
in  monographs  [583,  820,  827,  828]. 

Detailed  experimental  studies  of  the  scattering  indicatrixes 
of  visible  radiation  in  the  layer  of  the  atmosphere  near  the 
earth's  surface  were  carried  out  in  various  geographical  regions 
by  0.  V.  Barteneva  [574].  All  indicatrixes  were  grouped  on  the 
basis  of  the  value  of  the  coefficient  of  asymmetry  K,  which  is 
equal  to  the  ratio  of  the  light  fluxes  scattered  forward  and 
back,  into  10  classes.  Each  class  included  indicatrixes  for 
which  the  values  of  K  differed  by  a  factor  of  1.5.  In  one 
series  of  observations  at  El'brus,  for  the  first  time  a  case  was 
discovered  where  the  scattering  indicatrix  was  almost  Rayleigh 
with  K  ■  1  for  a  ■  0.0136  km-1  or  *  220  km.  The  maximum  value 
of  K  attained  was  the  value  35. 

The  measurements  have  shown  that  no  single-valued  relation 
exists  between  the  form  of  the  indicatrix  and  the  transparent 
atmosphere.  As  noted  in  [574],  this  conclusion  agrees  with 
the  measurement  data  of  V.  F.  Belov  [575],  while  in  the  work  of 
Foitzik  and  Zschaeck  [569],  Huelbert  [576],  Bullrich  [577,  578], 
Reger  and  Siedentopf  [579],  the  transparency  interval  determined 
is  compared  to  a  certain  value  of  K.  In  [57 4],  it  is  shown  that 
the  conclusion  was  based  on  an  analysis  with  an  insufficient 
number  of  measurements. 

In  article  [580],  on  the  basis  of  an  analysis  of  the  results 
of  the  studies  [57*0,  it  was  shown  that  i.t  is  possible  to  use 
the  nonphelometric  method  for  measuring  the  transparency. '  The 
theoretical  justification  for  this  method  is  given  in  the  work 
of  K.  S.  Shifrin  and  E.  Ya.  Chayanova  [829]. 

The  measurements  of  the  scattering  indicatrixes  for  visible 
light  in  the  layer  of  the  atmosphere  near  the  surface  of  the 
earth  were  carried  out  by  T.  P.  Toropova  [565,  581.  582],  who 
also  concludes  that  there  is  no  single-valued  relation  between 
the  coefficient  K  and  the  transparent  atmosphere.  In  article  [581] 
the  values  of  K  were  determined  separately  for  the  complete  indi¬ 
catrix  and  its  aerosol  parts.  The  intervals  in  which  these 
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varied  turned  out  to  be  respectively  equal  to  1.57-8.75  and 
1.69-15.1,  with  mean  values  3.29  and  6.23.  In  [581]  it  is  noted 
that,' in  the  measurements  of  Bullrich  [5773,  Foitzik  and  Zskhaek 
[569],  Reger  and  Siebentopf  [5793,  the  mean  values  obtained  were 
equal  to  6.41,  8. If,  and  11.5  respectively. 

In  article  [5823,  the  relation  between  the  light  Intensity 
scattered  a  t  an  angle  of  10  and  140°  was  found  which  charac¬ 
terizes  the  elongation  of  the  indicatrix  and  which  varies  from 
8.8  to  63.8.  In  the  same  article,  the  ratios  of  the' light  in¬ 
tensities  scattered  ■  a  t  various  angles  to  the  corresponding 
intensities  in  the  case  of  Rayleigh  scattering  were  also  de¬ 
termined.  In  particular,  for  the  minimum  and  maximum  measure¬ 
ment  angles  of  10  and  160°,  these  ratios  varied  between  the 
limits  8-314  and  1.1-9. 6  respectively. 

In  article  [5653,  the  indicatrixes  were  measured  for  two 
narrow  regions  of  the  spectrum  with  effective  wavelengths 
*eff  *  0.428  and  0.560  y.  It  turned  out  that  the  elongation  of 
the  indicatrix  increases  with  the  wavelength.  The  same  effect 
for  the  entire  layer  of  the  atmosphere  was  discovered  by  E.  V. 
Pyaskovskaya-Pesenkova[5833.  A  detailed  explanation  of  this 
phenomenon,  which  is  puzzling  at  first  sight  (as  x  increases, 

P<r ra 

p  «  ~~  decreases,  which  in  the  case  of  a  monodispersed  ash 

should  decrease  the  elongation  of  the  indicatrix),  is  given  in 
the  work  of  V.  G.  Kastrov  [584],  when  he  analyzes  the  contribu¬ 
tions  of  small  and  large  particles  to  the  polydispersed  aerosol 
indicatrix. 

A  detailed  investigation  of  the  halo  part  of  the  scattering 
indicatrix  in  the  layer  of  the  atmosphere  near  the  earth's 
surface  for  various  spectral  regions,  approximately  50  A  wide 
with  centers  near  0.47,  0.585,  and  O.880  y,was  carried  out  by 
Yu.  S.  Lyubovtsva  and  G.  V.  Rozenberg  [585,  906].  An  analysis 
of  the  results  obtained  made  it  possible  to  conclude  that  three 
qualitatively  different  optical  states  exist  in  the  layer  of 
the  atmosphere  near  the  earth's  surface:  mist,  nebula  mist, 
and  nebula.  Each  of  these  states  is  characterized  both  by  the 
angular  intensity  profile  during  scattering  a  t  small  light 
angles,  and  fluctuations  in  the  halo  part  of  the  indicatrix.  For 
clouds,  the  Intensity  I  (e)  decreases  very  sharply.  When  the 
scattering  angle  varies  form  10'  to  7°»  I  (0)  varies  by  3-7  orders 
of  magnitude.  In  the  case  of  nebula. mist,  corona  were  observed, 
which  pointed  to  the  presence  of  proportions  of  particles  of 
definite  demensions. 

In  mist  and  in  stable  nebula  mist,  the  fluctuations  of  the 
scattering  indicatrix  halo  were  small.  In  the  process  when 
the  nebula  mist  is  transformed  into  a  nebula,  the  intensity  of 
the  light  scattered  at  the  angles  10 '-3°  can  vary  within  several 
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seconds  by  2-3  orders  of  magnitude!  The  authors  of  [585]  note 
that,  in  a  very  large  number  of  halo  indicatrixes  obtained  by 
them,  there  are  practically  no  cases  which  repeat  themselves. 

The  large  number  of  scattering  indicatrixes  in  the  layer  of 
the  atmosphere  near  the  surface  of  the  earth  was  obtained  by 
G.  V.  Rozenberg  and  G.  I.  Gorchakov  [506,  507 ]  when  the  compo¬ 
nents  of  the  scattering  matrix  were  studied  experimentally  (see 
paragraph  3,  Chapter  6)  In  [5073  graphs  are  given  for  the  de¬ 
pendence  of  the  components  of  the  scattering  matrix  on  the 
angle  (the  scattering  indicatrix)  for  mist,  dense  mist,  nebula 
and  fine  rainfall. 

The  scattering  indicatrixes  in  the  free  atmosphere  at  various 
altitudes  were  measured  by  V.  F.  Belov  [586],  B.  A.  Chayanov  [587], 
and  Kompaniets  [588].  The  results  of  these  measurements  show 
that  the  elongation  degree  of  the  indicatrixes  varies  from 
measurement  to  measurement.  The  symmetry  of  the  indicatrixes 
is  preserved  at  all  altitudes  which  were  studied  up  to  20  km, 
and  is  intensified  in  the  tropopause  region. 

Measurements  of  the  atmospheric  scattering  indicatrix  for 
several  wavelengths  for  visible  and  ultraviolet  radiation  in  the 
region  of  scattering  angles  near  0°  and  l8o°  were  carried  out 
by  V.  E.  Pavlov  [830].  In  the  region  of  small  scattering  angles, 
it  was  discovered  that  the  elongation  of  the  indicatrix  increases 
as  the  wavelength  and  as  the  absolute  value  of  the  sun  halo 
increases.  In  the  ultraviolet  region,  the  scattering  indicatrix 
approaches  the  Rayeligh  indicatrix. 

We  note,  in  conclusion,  that  in  the  studies  with  which  we 
are  familiar,  the  experimental  studies  of  the  scattering  indi¬ 
catrixes  of  polydispersed  aerosols  under  natural  and  laboratory 
conditions,  have  been  carried  out  only  for  several  wavelengths 
in  the  visible  and  nearest  infrared  regions  (not  farther  than 
the  wavelength  0.9  u).  At  the  same  time,  in  most  cases,  simul¬ 
taneous  measurements  of  the  microstructure  of  aerosols  were  not 
made,  so  that  the  experimental  data  cannot  be  compared  quanti¬ 
tatively  with  one  another  and  with  the  corresponding  results 
obtained  from  calculations.  The  latter  are  available  in  more 
or  less  adequate  numbers  for  the  visible  and  nearest  infrared 
regions.  The  calculations  of  the  polydispersed  scattering  in¬ 
dicatrixes  for  the  infrared  region,  taking  into  account  the 
refractive  index  of  particles,  have  been  carried  out  only  for 
several  concrete  models  of  the  distribution  functions  by  dimen¬ 
sion  for  water  spheres.  It  should  be  noted,  that  to  calculate 
the  polydispersed  scattering  indicatrixes  of  aerosols  other  than 
water  aerosols,  the  necessary  data  about 

the  chemical  composition  of  the  particles  and,  even  more  impor¬ 
tant  ,  about  the  components  of  the  complex  refractive  indices 
are  not  available  for  the  time  being  [5893. 


-342- 


8.  Laser  Radiation  Scattering  in  the  Atmosphere 

The  coherence,  the  high  degree  of  monochromaticity,  the 
great  directivity  and  power  of  laser  radiation,  generally  speak¬ 
ing,  may  be  the  reason  for  the  corresponding  properties  which 
govern  the  laws  under  which  this  radiation  is  propagated  in  the 
atmosphere.  This  property  can  occur  both  in  the  radiation  ab¬ 
sorption  and  in  its  scattering,  both  in  the  linear  optical  region, 
when  the  Huger  law  holds,  and  in  the  nonlinear  optic  region. 

The  properties  of  laser  radiation  absorption  in  the  linear 
optical  region  were  considered  by  us  in  paragraph  14,  Chapter 
3.  The  nonlinear  effects,  which  accompany  the  absorption  and 
scattering  of  powerful  laser  radiation  in  the  atmosphere,  will 
be  described  in  Chapter  10.  Here  we  will  only  consider  the 
energy  problem  of  laser  radiation  propagated  in  a  scattering  me¬ 
dia  when  the  Buger  law  can  be  assumed  to  hold. 

Purely  qualitative  considerations  show  that  the  attenuation 
coefficients  for  laser  radiation  and  noncoherent  radiation  from 
heat  sources  of  the  same  spectral  composition  should  not  differ 
much.  In  fact,  the  coherence  of  the  incident  wave  on  the  layer 
consisting  of  the  scattering  particles  can  cause  Interference 
of  the  waves  scattered  by  the  particles.  This  leads  to  a 
distribution  of  the  light  intensity  scattered  in  various  directions 
which  differs  from  the  corresponding  picture  which  is  obtaieed 
when  the  layer  is  irradiated  by  noncoherent  radiation.  An 
experimental  proof  for  this  situation  was  obtained  in  our  lab¬ 
oratory  by  M.  V.  Kabanov  [590].  The  effect  mentioned  is  respon¬ 
sible  for  various  values  of  the  effective  field  for  particles  in 
various  sectors  of  a  laser  beam  cross-section.  However,  if  the 
particles  are  uniformly  distributed  in  the  medium,  and  the  in¬ 
creases  in  the  effective  field  studied  still  do  not  cause  non¬ 
linear  effects,  we  should  expect  that  the  attenuation  of  the 
beam  which  is  averaged  over  its  section  will  not  differ  sub¬ 
stantially  from  the  attenuation  when  the  same  layer  of  the  me¬ 
dium  was  irradiated  by  noncoherent  radiations  of  the  same  spectral 
composition. 

The  purely  qualitative  cosiderations  which  were  discussed  must 
be  verified  experimentally.  This  check  is  even  more  necessary, 
since  in  article  [5913  a  difference  was  found  between  the  laser 
radiation  attenuation  coefficients  and  the  noncoherent  radiation 
of  the  same  spectral  composition. 

The  attenuation  coefficients  of  water  clouds  for  laser  radia¬ 
tion  and  heat  sources  with  the  correspoding  interference  filters 
were  measured  by  a  team  of  workers  in  our  laboratory  [592].  The 
types  of  lasers  used  and  some  of  their  characteristics  are  given 
in  Table  7.7. 
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TABLE  7.7 


CERTAIN  LASER  TYPES  AND  THEIR  CHARACTERISTICS 


(type  of  laser 

radiation  wave¬ 
length  A.  y 

Operating  conditions 

Gas .based  on  a  He-Ne  mix¬ 
ture 

O.63 

Continuous,  multimodal 

Rigid t based. on  a  ruby 

0.69 

Impulse,  multimodal 

Rigid, based  on  glass, 

Nd  activated 

1.06 

Impulse,  multimodal 

Gas .based  on  He-Ne  mix¬ 
ture 

1.15 

Continuous,  multimodal 

Gas, based  on  He-Ne  mix¬ 
ture 

3.39 

Continuous,  multimodal 

Pig.  7.27  gives  the  results  obtained  from  comparing  the  ra¬ 
diation  attenuation  coefficients  of  lasers  based  on  an  He-Ne 
mixture  with  wavelength  O.63  y  and  the  ruby  laser  (A  *  0.69  y), 
and  the  attenuation  coefficients  from  a  heat  source  with  the 
corresponding  heat  filters.  It  can  be  seen  from  Pig.  7.27, 
that  all  three  attenuation  coefficients  are  close  to  one  another. 
The  equation  of  the  line  which  passes  through  the  experimental 
points  has  the  form 

o  (0,  63) »  a  (0,69) » l,06a$, 


where  a(0.63),  a(0.69)  are  respectively  the  radiation  attenuation 
coefficients  of  lasers  with  wavelengths  O.63,  0.69  and  the  ra¬ 
diation  from  the  heat  sources  with  interference  filters.  Ana¬ 
logous  results  about  the  closeness  of  the  radiation  attenuation 
coefficients  of  lasers  and  heat  sources  dan  also  be  obtained  for 
lasers  with  wavelengths  1.60,  1.15  and  3.39  y  regardless  of  the 
fact  that  in  these  cases,  the  measurements  of  the  radiation  at- 
tenaution  coefficients  of  the  heat  source  were  only  given  for 
the  wavelengths  0.4  y.  We  note  that  in  article  [593 J,  when  the 
radiation  attenuation  coefficients  were  measured  for  lasers  and 
radiation  from  a  heat  source  with  various  wavelengths,  a  dif¬ 
ference  was  detected  in  the  values  of  the  coefficients  which 
were  obtained,  for  which  an  exact  interpretation  of  the  reasons 
was  not  made. 
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Fig.  7.27.  Comparison  of  radiation  attenu¬ 
ation  coefficients  for  lasers 
with  wavelengths  O.63  and  O.69  w 
and  the  attenuation  coefficients 
of  the  heat  source  with  the  same 
wavelengths  in  an  artificial 
water  nebula. 


Key:  a.  m"1 

b.  y 

c.  Cloud 


Harris,  Sherman  and  Morse  [59^3  recently  published  the  results 
of  careful  laboratory  studies  of  the  relation  between  the  ra¬ 
diation  intensity  scattered  by  latexes  and  the  angle. b  A  gas 
laser  based  on  an  He-Ne  mixture  with  wavelength  6328  A  and 
xenon  high-pressure  arc  lamp  irradiating  a  band  with  width  ap¬ 
proximately  100  A,  at  the  center  near  the  wavelength  6328  A, 
were  used  as  the  radiation  sources.  The  dimension  of  the  latexes 
varied  from  0.088  to  3.^9  y  in  diameter.  An  analysis  of  the 
measurement  results  led  to  authors  of  [59^3  to  the  conclusions 
that  the  measurements  errors  of  the  radiation  scattering  indica- 
trixes  of  lasers  and  the  xenon  lamp  coincided  in  the  limit.  The 
coincidence  of  the  indicatrixes  is  equivalent  to  the  coincidence 
of  the  attenuation  coefficients. 

We  note,  in  conclusion,  that  the  results  obtained  in  articles 
[5923  and  [59^3  must  not,  of  course,  be  interpreted  as  proof 
that  there  is  no  difference  in  the  propagation  of  coherent  and 
noncoherent  radiation  of  the  same  spectral  composition  in  the 
scattering  media.  We  can  only  speak  about  the  approximate  e- 
quality  of  the  attenuation  coefficients  for  these  radiations. 
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9.  The  Sflect  of  Measuring  Apparatus  on  the  Results  of  Ex¬ 
perimental  Studies  of  the  Scattering  of  Visible  and 
Infrared  Waves  in  the  Atmosphere 

The  theoretical  data  about  the  attenuation  coefficients  for 
clouds,  nebula  and  mists  discussed,  in  this  chapter  characterize 
the  attenuation  of  direct  monochromatic  radiation-  propagated 
through  the  corresponding  media.  As  we  already  mentioned, 
strictly  speaking,  the  conditions  whene  it  is  possible  to  record 
only  the  dir ectattenuated  light  do  not  occur  in  the  experiment. 

Any  receiving  system,  together  with  the  direct  attenuation  scat¬ 
tered  by  the  medium,  records  the  scattered  light,  the  intensity 
of  which  must  depend  on  the  angle  of  vision  of  the  system,  the 
properties  of  the  scattering  medium,  and  the  direction  of  the  • 
incident  radiation.  Thus,  the  measured  attenuatuion  coefficient 
and  the  measured  transparency  of  the  layer  must  differ  from  the 
theoretical  ones.  The  second  reason  for  the  difference  between 
the  measured  values  and  those  forecast  by  the  theory  is  that* in 
the  experiment,  we  are  not  dealing  with  strictly  monochromatic 
radiation  as  we  are  in  therory. 

Our  task  is  to  analyze  the  effect  of  the  experimental  con¬ 
ditions  and  the  measuring  apparatus  on  the  corresponding  measure¬ 
ment  results.  This  problem  is  discussed  in  a  similar  way  in 
monograph  [1].  Below,  we  give  a  basic  summary  of  the  results 
obtained  by  various  investigators.  It  is  assumed  that  the  non¬ 
monochromaticity  effect  of  the  source  on  the  measurement  results 
can  be  ignored.  This  assumption  is  not  essential,  since  the 
widely-used  monochromatization  method  for  radiation,  frou  heat 
sources  makejf  it  possible  to  single  out  sufficiently  narrow 
regions  of  the  radiation  spectrum,  within  the  limits  of  which 
the  aerosol  attenuation  coefficients  can  be  considered  to  be 
independent  of  the  wavelength. 

1.  The  Dependence  of  the  Measured  Scattering  Coefficient  on  the 

Photometered  Layer  of  the  Atmosphere. 

This  relation  was  discovered  experimentally  for  the  first 
time  by  Sinclair  [595]*  who  measured  the  scattering  coefficients 
of  lycopodium  particles  (the  dimensions  of  the  particles  were  15  ±  1  y) 
at  various  distances  from  the  receiver.  When  the  distance  varied 
from  5,5  m  to  15  cm,  the  measured  scattering  coefficient  of  a 
parallel  beam  of  visible  light  took  on  values  from  2*a2  to  wa2. 

Mt  theory  .for  this  case  gives  the  value  2ira  . 

K.  S.  Shlfrin  [467]  solved  the  problem  theoretically  for  large 
particles  with  any  electrical  properties.  The  case  of  an  opaque 
sphere  was  studied  theoretically  by  Brillouin  [596],  It  is 
noted  in  [597] »  that  a  similar  result  was  obtained  by  Moulin  and 
Reynolds  in  the  case  of  a  cylinder.  Finally*  analogous  conclu¬ 
sions  were  reached  when  other  particles  with  a  nonspherical  form 
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scattering^oefficient^on  the8distan«th?  dependence  of  the  measured 

peculiar  form  of  STacUtS^lSKiif  related  to  the  very 
Depending  on  the  distance  betSfen  the  particles„ 

the  latter  may  receive  a  larger  or  and  the  receiver, 

scattered  by  the  paJtlele^ttS,  tSfii!1,  P"*  <*  <*«  energy  ’ 
efficient  turns  out  to  be  deMndenJh^^?5ured  ao*«erlng  co- 
cedure.  As  K.  C.  Shifrin  H  the  exPer*nental  pro¬ 

coefficient  may  be  written  as7follSw?0,m'  th*  measured  scattering 


°W=  nc*  12  -  9  (z)l  =  2na* [ 1  -  IfL J  , 


(7.55) 


where  z  *  -^*9  21 »  a  is  the  radius  of  a  drop  \  in 

of  the  scattered  light  d  is  the  a-tam  *  e  wavelength 

of  the  receiver,  1  is  the  dist-an  a®eter  of  the  input  aperture 

“  ls  the  function  tabulated  in  [467]rwhiGh%f£0p  J°  the  receiver-, 
the  form  of  the  indicatrix.  ^  ^  which  takes  into  account 


for  the^case^of ^raindrops . verif ied*  experimentally,  formula  .(7 .63) 


efficient  eoftaaiocalizedeiayer^the  ~  no¬ 


where 


®e«lf  na*R(z), 


(7.56) 


^W-l+^(2)+yj(2)5 


(7.57) 


andZfiret  ordlna^6  Be8sel  funotions  of  ‘he  first  kind  of  zero 


aperture  ofethenrecelverewasadetectedahte?lnf  coefflcients  on  the 
scattering  studies  in  a  milky MdiJS  t60oI'6oi]?ll”feeTa  durlng 


B  (a)‘l^t5f?o™uu1or°a*earinaShrca«Sof0nif0r  the  funoMon 

meas  m  tne  case  of  large  particles 


(*)* 


(7.58) 


where  the  quantity  a  has  the  same  vaiue  as  in  formula  (7.55,. 

r  ^  A  «  _ 


are  glven^or^frious11^©^^^0^11116^8100181110118  of  B  (z) 
a,  the  function  t  runs  through  &&  £?., 2^^, 
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I  the  measured  scattering  coefficient  for  large  particles  can  differ 
from  the  maximum  by  a  factor  of  2.  In  [602].,  it  has  also  been 
shown  that  in  the  case  of  small  particles,  «meas  under  atmospheric 
conditions  does  not  depend,  for  all  practical  purposes,  on  the 
distance,  and  differs  little  from  a.  The  results  of  experimental 
studies  of  the  relation  between  the  measured  scattering  coeffi¬ 
cient  and  the  parameters  of  the  receiver  and  the  photometered 
layer  of  the  atmosphere  are  described  in  El] •  The  measurements 
were  made  with  artificial  nebula.  The  results  gave  satisfactory 
agreement  with  the  theoretical  data. 


2.  Effect  of  the  Scattered  Light  on  the  Measured  Transparent 
Atmosphere 

If  the  radiation  from  the  source  is  concentrated  in  a  certain 
solid  angle,  the  receiver  records  not  only  the  radiation  propa¬ 
gated  from  the  source  along  a  straight  path,  but  also  the  radi¬ 
ation  scattered  by  the  particle  outside  the  source-receiver  line. 
We  will  call  these  parts  of  the  radiation  picked  up  by  the  re¬ 
ceiver  respectively  the  direct  and  laterally  scattered  radiation. 
In  this  case,  the  intensity  of  the  illumination  E  created  by 
this  radiation  can  be  written  in  th.e  form 

E-EfA- Ed (7.59) 


where  Er  and  Ep  are  respectively  the  illumination  created  on  the 
receiving  area  of  the  receiver  by  the  direct  and  laterally 
scattered  radiation.  In  is  the  incident  radiation  intensity  on 
the  scattering  layer  of  thickness  1., 

Thus,  the  signal  on  t>~  receiver,  which  is  usually  assumed 
to  be  proportional  to  the  .“ansparency  of  the  atmosphere,  is 
determined  by  the  illumination  created  both  by  the  direct  and 
laterally  scattered  radiation.  In  most  studies,  when  the  trans¬ 
parency  of  the  atmosphere  is  measured,  the  second,  factor  is  not 
taken  into  account,  which  can  lead,  as  we  well  show  below,  to 
gross  errors. 

The  first  estimates  of  the  role  of  singly  laterally  scattered 
radiation  in  the  atmosphere  were  obtained  by  Middleton  [603], 
who  calculated  the  illumination  created  by  the  direct  Er  and 
singly  laterally  scattered  Ep  radiation,  under  the  following 
conditions:  a  »  2.5  u,  N  ■  10°  m”3,  l  ■  0.2,  0.5  and  1.0  km, 
a  ■  10  p,  N  ■  6, 25*10°  m~3  and  1  ■  0.5  km,  6  ■  0.02,  0.10,  0.2, 
and  1.0  rad.,  0  ¥  <_  0,05  rad.  Here,  a,  N,  1,  0  and  Y  are  re¬ 

spectively  the  radius"  of  the  particles,  their  concentration,  the 
distance  between  the  source  and  receiver,  the  half -angle  of  the 
radiation  source  cone  and  the  half-angle  of  the  field  of  vision, 
of  the  receiver ( (see  Pig.  7.28).  The  ratio  ED/Er  under  the 
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conditions  considered ,  attained  a  maximum  value  of  1.6.  The 
calculated  data  were  confirmed  by  Middleton  experimentally  in 
a  nebula  in  which  he  obtained  the  value  Ep/Er  **  2  for  a  distance 
of  114  ma$  «  ■  0.30,  f  »  0.008  and  a  meteorological  vislbllty 
range  of  125  m. 


Fig.  7*28.  Diagram  for  the  radiation  pro¬ 
pagated-  from  the  source  to  the 
receiver. 

a.  Source 

b.  Receiver 


Stewart  and  Curcio  £604],  in  order  to  obtain  data  about  the 
role  of  singly  laterally  scattered  radiation  in  the  case  of  a 
slightly  turbid  atmosphere,  carried  out  the  experiments  for  great 
distances  (3.7  and  16.7  km)  and  a  wide  range  of  variation  for 
*  (from  1.5  to  13°)  for  individual  regions  of  the  spectrum  in  the 
range  0. 36-0.61  y  which  were  selected  by  the  filters.  A  treat¬ 
ment  of  the  measurement  results  made  it  possible  to  obtain  the 
following  empirical  formula  for  the  relation  between  the  actual 
transparency  T  and  the  measured  transparency  Tv: 

Tv-T+0, 5(1-7')  (l-e-**).  (7.60) 


Formula  (7.60)  was  obtained  for  T  >  0.70,  and  the  coefficient 
0.5  is  related  to  the  underlying  albedo  surface. 

Extensive  studies  of  the  role  of  singly  laterally  scattered 
radiation  were  carried  out  by  Gibbons  and  his  collaborators 
[605-607]..  For- the* illumination  Ed,  he  obtained  the  formula 


(7.61) 


where  g  varies  from  0.5  to  1,  depending  on  the  character  of  the 
underlying  surface,  v  is  the  scattering  volume,  F  ($)  is  the 


13* 


1 


> 
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scattering  indicatrlx,  4  «  4  +  0,  and  the  remaining  notation  is 
given  in  Fig.  7.27.  We  note  that  formula  (7.61)  Was  obtained 
earlier  by  V.  M.  Meshkov  [608],  not  only  for  the  case  of  single 
scattering  but  for  the  case  of  double  scattering. 

The  value  of  Ej)  was  calculated  by  Gibbons  by  integrating 
numerically  formula  (7161)  for  the  following  parameter  values: 
e  «  */2,  t  «  8°20»,  25,  50,  75,  and  90°,  t  »  at  -  0.1,  0.3,  0.9, 
1.2,  3.6. 

The  experimental  studies  of  Gibbons  were  carried  out  for 
great  distances,  large  T  and  low  atmospheric  turbidity  in  -the 
San  Francisco  Bay  area  and  in  the  Nevada  desert.  The  distances 
in  the  first  case  varied  from  1.18  to  14.37  miles,  in  the  second 
case,  from  0.51  to  13.17  miles.  The  studies  were  made  for  the 
wavelengths  0.40,  0.50,  0.70,  0.83  and  0.90  y. 

Eldrldge  and  Johnson  (609]  verified  analogous  measurements 
for  slanted  directions  in  the  atmosphere  for  r  *  1.5,  15  and 
75°  in  the  visible  region,  and  in  the  0.35-2  y  and  0.75-2  y 
bands  for  layers  of  the  atmosphere  from  0.5  to  9  km  under  various 
meteorological  conditions.  More  detailed  data  for  nebulae  and 
mist  were  obtained  by  the  authors  for  an  isotropic  source  and 
receiver  with  T  «  ir  [610].  The  empirical  formula  which  was  ob¬ 
tained  for  the  transmission  function  differs  from  the  Buger  law, 
which  the  authors  attribute  to  the  considerable  effect  of  the 
laterally  scattered  radiation. 

Theoretical  and  experimental  investigations  of  the  effect  of 
scattered  radiation  on  the  measured  transparency  of  theatmos- 
phere  are  given  in  our  work  [611-615].  First,  we  attempted  to 
simplify  formula  (7.60)  in  order  to  be  able  to  calculate  Ep 
for  a  wide  range  of  conditions  in  the  atmosphere.  The  essence 
of  this  simplification  reduces  to  the  following. 

1 

We  replace,  in  (7.61),  in  accordance  with  the  usual  rules 
[616],  the  variables  r  and  4  by  0  and  4,  and,  letting  g  ■  1, 
FU)»a/4ir  f  (4)  where  f  (4)  is  the  normalized  scattering  indica¬ 
trix,  and,  keeping  in  mind  that  4  ■  4  +  0,  we  obtain 


(7.62) 


For  small  4  or  0,  the  exponent  in  (7.62)  can  be  shifted  in 
front  of  the  integral: 


^  dip  |  f(yp+d)cosipdQ. 
b  u 


(7.63) 
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^  easily  from  (7 «  63 )  ,  that  the  double  Integral  under  the  given 
V>  experimental  conditions  does  not  depend  on  the  distance  between 
the  receiver  and  the  source.  We  introduce  the  notation 


Then 


▼  • 

D=D(p,  ▼,  9)  =y  |  jf(i|>+d)cos+rf<|>dG, 

Ed=*!*£D. 


(7.64) 


(7.65) 


(7.63),  the  relation  between  D  and  p  is  expressed  in  terms  of 
the  scattering  Indicatrix  f(*,$). 

Formula  (7.63)*  as  the  estimates  which  were  made  have  shown, 
describes  the  value  of  Ep  with  an  error  which  is  known  to  be 
less  than  5*  for  values  ¥  <  0.1  and  a  transmission  of  the  atmos- 
^  i  0.1'  which  occur,  in  most  cases,  when  the  transparency 
of  the  atmosphere  is  measured. 

From  (7.61),  (7.63)  and  (7.64),  a  formula  for  the  total  il¬ 
lumination  on  the  receiving  area  of  the  receiver  is  easily  ob¬ 
tained  :  J 


^ +  = -jr  e~0<  1 1 + alD  (p.  T,  0)], 

for  which,  in  turn,  we  obtain  the  simple  relation 


(7.66) 


(7.67) 


where  t  ■  at  is  the  optical  layer  of  the  medium. 

We  note  that  formula  (7.63)-(7.66)  can  be  used  for  any  wave 
band  when  ¥  <0.1,  and  any  homogeneous  scattering  medium  with 
a  known  scattering  indicatrix. 

The  methods,  used  and  the  computational  results  obtained  from 
calculating  the  quantity  D  for  various  p ,  ¥  and  0  are  described  in 
detail  in  [lj.  Here  we  will  give  only  one  diagram  which  illustrates 
the  relation  between  D  and  ¥,  for  different  p  for  the  two  values 
6  «  ir/2  and  ir/6  (Fig.  7.29). 

The  numerical  values  obtained  for  the  quantity  D,  for  various 
p,  0  and  t,  make  it  possible  to  estimate  quantitatively  the  role 
played  by  singly  laterally  scattered  light  under  various  experi¬ 
mental  conditions  in  the  atmosphere.  In  particular,  this  data 
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implies,  that  for  relatively  small  4*  ■  0.1,  the  quantity  D  can 
attain  values  0. 5-0.7  for  large  particles,  which,  for  the  values 
of  t  often  encountered  in  practice  which  are  equal  to  several 
units,  is  equivalent  to  a  contribution  of  the  laterally  scattered 
light  .  exceeding  several  times  the  contribution  of  the  direct 
attenuated  light.  Consequently,  if  th'j  fact  is  not  taken  into 
account  in  experimental  studies  of  the  transparent  atmosphere, 
a  higher  measured  transparency  can  be  obtained,  which  exceeds 
several  times  its  true  value. 


Pig.  7*29.  Curves  for  the  function  D 
versus  the  aperture  of  the 
receiver  for  various  p  and 
values  of  the  half-angle 
e  of  the  radiation  source 
cone:  -  e*  w/2;  -  -  -  8  * 

it/6. 


Experimental  studies  of  the  quantities  D  in  artificial  neb¬ 
ula^  and  in  natural  nebulae  and  snowfalls  are  described,  in  detail, 
in  monograph  [1].  A  comparison  of  the  measurement  results  in 
artificial  nebulae  in  which  the  microstructure  can  be  controlled, 
with  the  calculated  values  for  the  quantity  D,  has  shown  satis¬ 
factory  agreement  between  the  experiment  and  theory. 

In  the  work  of  A.  P.  Ivanov  and  N.  Ya.  Khaylullima  [616],  a 
detailed  experimental  study  of  the  effect  of  the  radiation  cone 
angle  of  the  source  and  the  angular  aperture  of  the  receiver  on 
the  measurement  results  of  the  attenuation  coefficient  was  made 
for  various  values  of  the  optical  layer  of  the  scattering  media 
model,.  The  latter  were  selected  in  such  a  way  that  their  micro¬ 
physical  and  optical  characteristics  (  in  particular,  according 
to  the  survival  probability  of  the  photon)  corresponded  to 
natural  media.  In  [6173,  the  values  of  ^ctmeas  -  oOcr1  were  tab¬ 
ulated  for  various  f,  3  and  t  (in  our  notation). 
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Hodkinson  and  Greenfield  [618]  calculated  the  scattering  of 
white  light  by  polydispersed  aerosols,  taking  into  account  the 
instrument  parameters  used  for  the  measurements.  The  calculations 
were  carried  out  on  the  basis  of  Ml  theory  for  values  of  the 
refractive  index  equal  to  n  »  1.2  (0.2)  2.4,  and  the  Mi  parameter 
in  the  range  0.1  <  p  <  100. 

The  results  of  the  investigations  of  the  quantity  Ej)» which 
were  described,  apply  to  sufficiently  wide  radiation  beams.  At 
the  same  time,  in  the  last  few  years,  in  conjunction  with  the 
|  use  of  lasers  in  communication  systems,  information  transmission, 

i  and  range-finding  and  distance-measuring  systems,  etc.,  a  great 

|  need  arose,  in  practice,  to  investigate  the  role  of  the  scattered 

!  radiation  on  the  measurement  results  of  various  magnitudes  which 

I  characterize  the  scattering  properties  of  the  medium  when  narrow 

|  collimated  light  beams  pass  through  these.  The  results  of  the 

|  corresponding  studies  will  be  considered  in  Chapter  9. 


Part  2:  PROPAGATION  OF  SPATIALLY  BOUNDED  LIGHT  BEAMS  IN  THE 
ATMOSPHERE 

8.  Characterization  of  the  Radiation  from  Lasers  of  Various  Types 
Introduction 

The  goal  of  this  chapter  is  to  discuss  briefly  those  charac¬ 
teristics  of  laser  radiation  which  are  significant  for  the  prob¬ 
lem  of  laser  radiation  propagation  in  the  atmosphere.  Some  of 
the  main  characteristics  are,  first  of  all:  1)  the  spectrum, 

2)  the  energy  and  power,  3)  the  coherence,  4)  the  directionality, 
5)  the  operating  conditions,  6)  polarized  radiation.  We  do  not 
intend  to  give  here  a  complete  survey  of  all  the  work  done  in 
this  field  until  the  most  recent  time,  in  which  one  type  or 
another  of  concrete  data  about  the  reaction  properties  of  in¬ 
dividual  lasers  was  obtained.  Primarily  we  will  be  interested  in 
the  data  describing  the  values  of  the  corresponding  parameters 
which  were  obtained  recently  for  lasers  of  various  types  which 
are  important  for  the  propagatiom  of  this  radiation  in  the  at¬ 
mosphere. 

The  overwhelming  majority  of  lasers  known  at  the  present 
time  can  be  divided  into  four  classes:  1)  lasers  based  on 
.ionic  crystals,  2)  lasers  based  on  glass,  3)  gas  lasers,  4)  semi¬ 
conductor  lasers.  Below,  we  give  a  description  of  the  funda¬ 
mental  radiation  characteristics  for  the  types  of  lasers  which 
were  mentioned,  which  were  obtained  mainly  by  using  data  pub¬ 
lished  in  surveys  in  the  last  two  to  three  years  [619-643,  701, 
831]. 


I 
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1.  Lasers  Based  on  Ionic  Crystals 

It  is  well  known  that  the  first  laser  was  based  on  a  ruby 
crystal  which  is  a  sapphire  monocrystal  (AlgOo)  activated  by  a 
trivalent  chromium  ion  Cr3+,  At  the  present  time,  this  type  of 
laser  is  still  the  most  widely  used,  even'  though  a  generation  of 
lasers  based  on  other  ionic  crystals  has  been  obtained. 

Lasers  based  on  ionic  crystals  are  characterized  by  a  high 
concentration  of  working  particles  which  are  more  or  less  uni¬ 
formly  distributed  over  the  volume  of  the  crystal  (101*  -  1020  cm~3) 
with  a  long  life  of  the  ionic  working  levels  (~'10“3  sec).  The 
properties  of  the  working  bodies  of  the  lasers  under  consideration 
make  it  possible  to  obtain  great  radiation  energy  under  free 
generation  conditions,  and  giant  powers  under  modulated  "good¬ 
ness”1  conditions,  with  a  relatively  simple  solution  of  the 
cooling  problem  of  the  working  elements. 

For  the  base  of  the  working  elements  in  a  laser  based  on 
crystals,  the  following  are  used:  AI2O3,  CaF2,  CaWOjj,  SrFp, 

BaF2»  Sr  CI2,  LaFg,  CeFg,  SrWOij,  CaMoOij,  PbMoOji,  YO3,  Er2*3» 
YoGa50i2»  OdoGajO^  MgF2,  ZnF2,  Ca(Nb03)2(Table  8.1).  Among  these, 
the  most  widely  used  are  the  crystals  AI2O3,  CaF2,  CaWOij  and 
synthetic  garnets. 

Depending  on  the  operating  conditions,  all  lasers  based  on 
ionic  crystals  can  be  classified  into  three  groups:  1)  continu¬ 
ous  wave  ,  2)  •  pulsedlasers  in  free  generating  conditions, 

3)  pulsed  lasers  in  modulated  "goodness"  conditions. 

To  obtain  continuous  laser  radiation,  it  is  necessary  to  have 
a  certain  number  of  redundant  excited  ions  per  unit  volume  of 
the  working  elements  which  are  formed  during  continuous  pumping. 
These  excess  ions  are  not  obtained  by  far  for  all  working  elements 
of  the  laser  when  the  known  optical  pumping  sources  are  used. 

When  the  above  condition  is  satisfied,  continuous  radiation 
generation  becomes  possible.  The  parameters  of  this  radiation 
(see,  for  example.  Table  8.2)  depend  on  many  factors  which  we 
will  not  consider  here. 

Pulsed  radiation  of  lasers  based  on  Ionic  crystals  takes 
place  in  a  much  simpler  manner.  The  pulse  pumping  Insures 
generation  with  considerably  larger  ionic  crystals  than  contine- 
ous  generation.  At  the  same  time,  in  pulsed  conditions,  nuc.h 
greater  power  is  obtained,  and  in  a  short  time,  energy  is  gen¬ 
erated  which  reaches  thousands  of  Joules. 

1  Goodness  =  Q 
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TABLE  8.1 


TABLE  8.2 


RADIATION  CHARACTERISTICS  OF  THE  MOST  EFFECTIVE  LASERS 
BASED  ON  IONIC  CRYSTALS  WHICH  OPERATE  IN  A 

CONTINUOUS  GENERATION  MODE  £628] 

« 


P»6o«««  t*»o* “ 

AftKtia  SOAHil 
NMySCMMU, . 
MKM  t 

K.m«, 

C  % 

MOmHOCTk, 

«m  £ 

P«8ot«»  tcm- 
neptryp*,  *K< 

A!,0,+Cr»* 

0,69 

0,1 

1 

300 

YjAijOtt+Nd** 

1.06 

0,2 

200 

300 

Y,A!Aa+Ho»+ 

2,12 

6 

15 

77 

CaF,+Dy»* 

2,36 

1-1,8 

100 

77 

Key: 


a.  Working  element 

b.  Radiation  wavelength,  y 

c.  Efficiency,  % 

d.  Powers,  watt 

e.  Working  temperature,  °K 


Under  modulated  "goodness"  operating  conditions,  fantastic 
powers  are  obtained.  For  example,  in  one  industrial  sample  of 
a  ruby  laser,  the  power  10“  watt  was  achieved  under  modulated 
"goodness"  conditions,  when  the  duration  of  the  pulse  was 
20  ns,  with  a  divergence  of  1  milliradian.  Special  measures 
for  synchronizing  the  modes  (the  so-called  coupled  mode  regime) 
make  it  possible  to  obtain  radiation  powers  on  the  order  of 
1C10-1012  watt,  with  a  duration  of  the  .  .pulse  of  10“ 11  -  10"*3  sec, 
which  can  be  estimated  only  with  the  aid  of  indirect  methods, 
since  the  best  models  of  relatively  inertia  free  radiation  re¬ 
ceivers  cannot  record  pulses  of  such  duration. 

We  will  dwell  briefly  on  the  spectral  radiation  characteristics 
of  lasers  based  on  ionic  crystals.  Table  8.1  gives  the  radiation 
wavelengths  which  characterixe  the  center  of  a  narrow  spectral 
interval  of  the. generating  laser.  If  no  special  measured  are 
taken,  the  laser  radiation  is  multimodal  agd  occupies  a  rigid 
band  on  the  order  of  several  tenths  of  an  Angstrom,  where  the 
distribution  of  the  Intensity  by  frequency  and  time  has  a  charac¬ 
teristically  crammed  structure.  Special  measures  make  it  pos¬ 
sible  to  narrow  substantially  the  laser  radiation  baijds  up  to 
values  on  the  order  of  10-3  a.  The  divergence  angle  of  the 
radiation  from  lasers  based  on  ionic  crystals  without  the  use  of 
collimating  systems  depends  on  the  geometric  dimensions  of  the 
working  elements,  the  radiation  wavelength, 'the  material  from 
which  the  working  element  is  made,  and  the  number  of  generating 


-356- 


inodes.  Usually ,  the  divergence  angle  is  several  milliradians . 
The  use  of  special  reflectors  with  selective  distribution  of  the 
reflecting  coefficient,  which  depends  on  the  incident  angle, 
makes  it  possible  to  obtain  a  divergence  which  is  clase  to 
diffraction  divergence.  The  energy  distribution  in  the  cross- 
section  of  the  beam,  as  a  rule,  is  nonhomogeneous . 

The  radiation  coherence  of  a  laser  based  on  ionic  crystals 
depends  on  the  number  of  modes.  Each  mode  generates  light  with 
a  certain  degree  of  coherence.  The  same  applies  to  the  degree 
of  the  polarized  radiation. 


2,  A  Laser  Based  on  Glass 

A  specific  feature  of  a  laser  based  on  glass,  which  is  acti¬ 
vated  by  trivalent  neodyme ,  ytterbium,  holmium,  and  erbium  ions 
is  related  to  the  properties  of  glass,  which  can  be  varied  with¬ 
in  sufficiently  wide  limits  by  changing  its  chemical  properties 
(Table  8.3).  In  addition  to  this,  the  working  elements  can  be 
made  from  glass  of  various  forms  and  dimensions,  beginning  with 
fiberoptics  elements,  the  diameter  of  which  is  several  microns, 
with  length  up  to  10  m,  and  ending  with  very  large  bands  with 
60  mm  diameters  and  length  up  to  2  m.  The  most  widely  used 
are  lasers  based  on  glass  with  neodyme. 


TABLE  8.3 

CERTAIN  RADIATION  CHARACTERISTICS  OP  LASERS  BASED  ON  GLASS, 
ACTIVATED  BY  TRIVALENT  NEODYME,  YTTERBIUM,  HOLMIUM,  ERBIUM 

IONS  [6293 


COCTSS  CTtM*  ft. 

Hok 

IKTMMTOpt  t 

AflNHI  ftOJlHW 

MKM  C 

Na-La-Si 

Nd»+ 

0,92 

LI -Mg -Al- Si 

Yb»* 

1,015 

K-Ba-Sl 

Nd,+ 

1,06 

K-Ba-SI 

Yb*+ 

1,06 

Li  — Mg— AI— Si 

Ho»+ 

1,35 

La  — Ba  — Th— B 

Nd*+ 

1,37 

Yb-Na-K-Ba-S! 

Er»+ 

1,54 

Li— Mg— Al— Si 

Er*+ 

1,55 

Key:  a.  Glass  composition 

b.  Activated  ion 

c.  Radiation  wavelength,  y 
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The  most  powerful  laser  Is  based  on  glass  with  neodyme,  the 
energy  of  which  per  pulse  reaches  5*000  joules  when  the  length 
of  the  working  rod  Is  90  cm  and  the  diameter  30  mm.  Lasers 
based  on  glass  with  neodyme  under  modulated  "goodness"  conditions 
generate  a  pulse  with  a  power  which  reaches  several  tens  of  giga¬ 
watt  lasting  for  10-50  ns.  The  radiation  from  a  laser  based  on 
glass  Is  characterized  by  a  more  or  less  uniform  distribution  over 
the  cross  section  of  the  beam.  The  divergence  of  the  beam  has 
approximately  the  same  values  as  that  in  lasers  bssed  on  ionic 
crystals. 

Lasers  based  on  glass  have  much  wider  radiation  bands  than 
lasers  based  on  Ionic  crytals.  If  no  special  provisions  are  majle, 
usually  lasers  based  on  glass  generate  a  band  .  the  width  of 
which  is  several  tens  of  Angstrom.  The  considerable  narrowing 
of  the  radiation  spectrum  of  the  laser  makes  it  possible  to  single 
out  individual  radiation  lines.  At  the  present  time*  a  generation 
of  lasers  based  on  glass  with  neodyme  was  obtained  for  the  spectral 
region  with  widths  on  the  order  of  10“ 3  A. 

The  radiation  coherence  of  lasers  based  on  glass  depends  to 
a  considerable  extent  on  the  number  of  modes*  just  as  in  the  case 
of  lasers  which  are  based  on  ionic  crystals. 

In  lasers  based  on  glass*  radiation  conditions  can  be  obtained 
such  that  the  spontaneous  radiation  which  occurs  at  one  end  of 
the  bar  is  completely  saturated  by  the  time  it  reaches  the  other 
end  (super luminescent  conditions).  In  this  case  the  intensity  is 
uniformly  distributed  in  the  radiation  spectrum  along  the  contour 
of  the  spontaneous  emission  line,  and  the  radiation  itself  is  not 
polarized.  Its  power  reaches  lo”  watts  at  an  impulse  duration  of 
70  ns. 


3.  Qas  Lasers 

Among  all  types  of  lasers,  the  most  widely  used  lasers  are 
gas  lasers.  Their  basic  qualitative  difference  from  other  genera¬ 
tors  is  the  high  radiation  monochromacity  and  the  high  frequency 
stability  which  depends  little  on  external  conditions.  These 
properties  of  gas  lasers  are  responsible  for  the  considerably 
larger  radiation  coherence  than  that  found  in  other  lasers.  The 
radiation  from  gas  lasers  occupies  a  very  wide  and  continuously 
broadening  wavelength  band.  At  the  present  time,  this  band  oc¬ 
cupies  the  spectral  region  from  2315,  5  A  (Xe  II  radiation  line) 
to  1  mm.  The  greatest  power  in  the  continuous  mode  in  obtained 
with  gas  lasers. 

All  gas  lasers  can  be  divided  into  the  following  four  classes: 
1)  lasers  based  on  neutral  atoms,  2)  lasers  based  on  ions,  3)  mo¬ 
lecular  lasers,  and  M)  chemical  lasers.  Depending  on  the  particle 
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in  which  the  corresponding  energy  transfer  occurs,  the  radiation 
line  falls  into  a  particle  region  in  the  spectrum.  The  high 
energy  electronic  ion  transitions  occur  in  the  ultraviolet  and 
visible  regions,  and  the  electronic  transitions  in  atoms  give 
radiation  lines  in  the  visible  and  nearest  infrared  region.  The 
vibration-rotation  and  pure  rotation  molecular  transitions 
cause  the  generation  of  lines  which  occupy  the  wide  wavelength 
band  from  the  near  infrared  region  to  the  microwave  region.  The 
radiation  wavelength  of  chemical  lasers  depends  on  the  energy 
levels  of  the  particles  formed  as  a  result  of  the  chemical  re¬ 
action  between  which  the  corresponding  transition  occurs. 

The  most  widely  used  lasers  among  gas  lasers  based  on  neutral 
atoms  are  lasers  based  on  mixtures  of  helium  with  neon.  Among 
these  lasers  in  turn,  the  most  widely  used  are  generators  which 
irradiate  the  wavelengths  6328  A,  1.15  y»  and  3.39  y.  For  the 
most  powerful  among  the  atomic  lasers  emitting  at  wavelength 
6328  A,  a  power  of  1  watt  has  been  obtained  in  the  continuous 
mode  with  a  5-m-long  transfer  tube.  Industrial  models  of  this 
lasers  have  a  power  which  is  not  larger  than  100  milliwatt  1 

Recently,  pulsed  atomic  lasers  based  on  self-limiting  tran¬ 
sitions  were  designed  with  a  power  on  the  order  of  several  kilo¬ 
watts  and  the  duration  on  the  order  of  several  ns.  Recently, 
a  laser  based  on  copper  vapors  was  created.  It  is  expected  that 
the  efficiency  of  this  generator  will  reach  a  value  of  30)5.  Among 
all  types  of  generators  in  the  continuous  mode  in  the  visible 
region  of  the  spectrum,  the  greatest  radiation  power  was  obtained 
on  ionic  lasers  (up  to  50-100  watts).  The  most  widely  used  ionic 
laser  is  the  generator  based  on  ionized  argon  with  a  whole  series 
of  radiation  lines  In  the  0.^8  to  0.52  y  region. 

The  most  widely  used  molecular  lasers  are  generators  based 
on  molecular  nitrogen  and  carbon  dioxide.  In  tne  first  case,  the 
self-limiting  electronic-vibration  transiti9n  is  used  which  gen¬ 
erates  radiation  with  wavelengths  X  ■  3371  A  and  duration  20  ns 
with  a  maximum  attainable  power  of  0.3-2, 5  milliwatts  in  an 
impulse  with  repetition  frequency  of  300  Hz.  The  industrial 
model  gives  a  power  of  100  kw,  a  duration  of  pulse  of  10  ns, 
repetition  frequency  from  1  to  100  Hz  and  a  mean  maximum  power  of 
100  milliwatts. 

A  generator  based  on  C02  is  the  most  powerful  laser  among 
all  continuous  wave  lasers  in  any  wave  band.  Recently,  a 
generator  was  designed  at  wavelength  10.6  y  with  a  power  in  the 
continuous  mode  of  several  kilowatts.  The  advantage  of  CO2  as 
the  working  element  for  the  laser  Is  also  that  the  generation 
can  take  place  on  an  entire  series  of  transitions  in  the  spectral 
interval  of  order  100  cm"1  in  the  long  wave  region  of  the  trans¬ 
parent  atmosphere  window.  In  addition  to  this,  the  long  life  of 
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the  upper  C02  level  (  more  than  1  microsecond)  enables  this  gen¬ 
erator  to  operate  in  the  modulated  ’’goodness”  mode.  -kI 

Among  the  chemical  gas  lasers ,  the  first  laser  is  the  gener¬ 
ator  in  which  radiation  takes  place  because  of  the  transition 
between  the  metastable  and  fundamental  iodine  state.  The  iodine 
atoms  are  obtained  during  the  photodissociation  of  the  CH3I 
molecule  under  the  action  of  ultraviplet  radiation.  The  radiation 
wavelength  of  this  laser  is  equal  to' 1.315  u.  The  use  of  the 
photodissociation  of  CFol  molecules  insured  a  high  efficiency 
value  and  an  energy  of  oO  Joules  in  a  pulse  with  duration  of  100 
microseconds.  A  very  promising  chemical  laser  is  generally  con¬ 
i'  sidered  to  be  a  generator  in  which  chlorine  reacts  chemically 

l  with  hydrogen.  Its  radiation  spectrum  lies  in  the  3  p  region. 

\ 

\  We  will  now  consider  the  spectral  characteristics  of  gas 

|  laser  radiation.  It  is  known  that  the  width  of  the  spectral 

;  radiation  region  of  multimode  gas  lasers  is  determined  by  the 

\  Doppler  contour.  The  width  of  the  latter  is  sufficiently  well- 

}  known. for  the  radiation  from  a  helium-neon  laser  with  wavelength 

;  6328  A  (1700  MHz).  The  decreasing  Doppler  width  is  inversely 

.  proportional  to  the  wavelength.  For  helium-neon  lasers  with 

wavelength  1.15  and  3.39  u»  it  is  equal  to  920  and  310  MHz  re¬ 
spectively,  for  lasers  based  on  carbon  dioxide,  it  is  approximately 
60  MHz. 

The  Doppler  width  for  ionic  lasers  is  considerably  larger 
I  than  for  atomic  and  molecular  lasers.  This  is  explained  by  the  i 

fact  that  generation  in  ionic  lasers  takes  place  at  high  temper- 
|  atures.  For  generators  based  on  argon,  the  width  of  the  Doppler 

countour  is  3500  MHz,  and  for  generators  based  on  krypton  and 
:  xenon,  it  is  2500  MHz. 

When  gas  lasers  are  used,  a  single  mode  and  single  frequency 
|  continuous  generation  with  exceptionally  high  stability  of  the 

emitted  frequency  are  more  easily  obtained  than  in  the  case  of 
•  all  other  types  of  lasers.  The  short-term  frequency  stability 
can  attain  the  value  10“ 1  and  above.  The  long-term  stability 
is  equal  to  several  units  times  10“9,  and  does  not  depend  for 
i  all  practical  purposes  on  the  external  conditions. 

} 

i  A  single  frequency  gas  generator  which  operates  In  the  con- 

|  tinuous  mode  is  the  best  generator  among  all  types  of  lasers 

\  with  respect  to  the  value  of  the  three-dimensional  and  time  ra- 

j  diation  coherence. 

! 

Gas  lasers  have  the  highest  radiation  directivity.  The  ra- 
<  diation  divergence  angle  of  gas  lasers  depends  on  the  geometric 
dimensions  of  the  generator,  and  the  radiation  wavelength. 

Without  the  use  of  collimating  systmes,  the  angle  of  vision  of 
industrial  laser  models  Is  a  fraction  of  a  mllliradian. 
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4 .  Semiconductor  Lasers 


The  exceptionally  high  concentration  of  the  working  elements 
In  semiconductor  lasers  T  on  the  order  of  1022  cm"1)  makes  gen¬ 
eration  possible  using  very  small  volumes  for  the  working  elements, 
which  In  turn  causes  high  radiation  divergence  (  on  the  order  of 
10°). 

The  most  widely  used  semiconductor  laser  Is  the  generator 
based  on  gallium  arsenide  which  emits  a  band  with  a  width  of 
several  times  of  Angstrom  in  the  0.84  u  region.  The  greatest 
radiation  power  was  obtained  with  this  laser  which  was  equal  In 
the  continuous,  mode  to  3  watts  at  an  efficiency  of  -15X. 

Semiconductor  lasers  (Table  8.4)  can  operate  both  in  the  con¬ 
tinuous  and  pulse  mode.  In  the  later  cas.e,  the  repetition 
frequency  of  the  pulses  can  vary  within  very  wide  limits. 


TABLE  8.4 

SEVERAL  RADIATION  CHARACTERISTICS  OP  SEMICONDUCTOR 

LASERS  [631] 


Material 


Radiation 
wavelength,  » 


Pumping  method 


ZnS 

ZnO 

CdS 

CdSxSe]_x 

GaScSe 

Ga(AsxPi-x) 

CdSe 

CdTe 

CdSxSei-x 

CaAs 

InPxftsi„x 

InP 


0.32 

electronic  beam 

0.38 

electronic  beam 

0.50 

electronic  beam,  optical 

0.50-0.69 

electronic  beam 

0.59 

electronic  beam 

0.64-0.88 

p-n  transition 

0.68 

electronic  beam 

0.79 

electronic  beam 

0.83 

p-n  transition 

0,84 

p-n  transition,  optical, 
through  avalanche  sample 
electronic  beam 

0.89 

p-n  transition 

0.90 

p-n  transtion 

[Table  continued  on  next  page.] 


[TABLE  8.4  CONTINUED] 


Material 

Radiation 
w&venlength,  y 

Pumping  method 

OaSb 

1*51 

p-n  transition, 
beam 

electronic 

tnAs 

3.13 

p-n  transition, 
beam,  optical 

electronic 

Te 

3.65 

electronic  beam 

HSxCdi-xTe 

3.76-4.13 

optical 

PbS 

4.27 

p-n  transition, 
beam 

electronic 

InSb 

5.38 

p-n  transition, 
beam,  optical 

electronic 

PbTe 

6.54 

p-n  transition, 
beam 

electronic 

PbxSnl-xTe 

6.54-16.67 

optical 

PbSe 

8.55 

p-n  transition, 
beam 

electronic 

5 .  Variation  in  the  Parameters  of  the  Radiation  from  Lasers 
due  to  Various  Factors 

Strictly  speaking,  the  radiation  parameters  of  all  types  of 
lasers  can  vary  under  the  influence  of  various  factors.  In  some 
cases,  the  reasons  are  related  to  the  generating  conditions  and, 
in  other  cases,  they  are  deliberately  introduced  into  the  cor¬ 
responding  experiment. 

An  examples  of  the  first  type  of  factor  is  the  effect  of  the 
temperature  of  the  working  element  of  the  laser  on  its  radiation 
spectrum.  This  effect  manifests  Itself  very  clearly  in  the 
case  of  a  ruby  laser.  Direct  experiments  carried  out  by  various 
investigators  have  shown  that  when  the  temperature  of  the  ruby 
changgs  to  13°C,  the  radiation  wavelength  varies  on  the  average 
by  1  A.  This  shift  does  not  vary  much  from  model  to  model.  We 
recall  that  a  displacement  of  the  laser  radiation  even  by  a 
tenth  of  an  Angstrom  in  the  0.69  u  region  can  considerably  alter 
its  absorption  in  the  atmosphere  (see  Fig.  3.10).  The  effect  of 
the  temperature  on  the  parameters  of  the  radiation  from  other 
lasers  is  so  far  not  understood  sufficiently  well. 
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,  The  temperature  at  which  generation  takes  place  can  have  an 
effect  on  the  radiation  from  the  laser  not  only  on  rigid  bodies, 
but  also  In  gases  and  mixtures.  Thus,  for  example,  depending  on 
the  temperature,  the  generation  from  a  laser  based  on  CO2  can 
occur  In  various  lines. 

Together  with  the  temperature  changes,  the  radiation  charac¬ 
teristics  of  the  laser  can  be  affected  by  the  concentration  of  the 
active  mixture,  the  distribution  over  the  volume,  the  quality  of 
the  resonators,  the  temperature  of  the  surrrounding  medium,  the 
total  and  partial  gas  pressures  In  the  case  of  gas  lasers,  etc. 

In  addition  to  the  factors  considered  above  which  have  an 
effect  on  the  radiation  characteristics  of  the  laser  and  which 
are  often  related  to  generation  conditions  which  are  not  controlled, 
there  are  cases  when  investigators  deliberately  change  certain 
parameters  in  order  to  be  able  to  regulate  the  radiation  charac¬ 
teristics  of  lasers,  above  all  the  spectral  characteristics  of 
this  radiation. 

At  the  present  time,  a  number  of  methods  were  developed  for 
changing  the  spectral  radiation  characteristics  of  lasers: 

1)  the  method  which  singles  out  individual  modes  in  the 
radiation  from  lasers, 

2)  the  parametric  generation  method, 

3)  the  harmonic  generation  method, 

4)  the  forced  combination  scattering  method  and  others. 

The  simplest  method  for  singling  out  individual  radiation 
modes  of  lasers  consists  of  introducing  additional  mirrors  into 
the  laser  resonator.  When  one  mirror  is  Introduced,  an  additional 
Fabrl-Pero  interferometer  is  formed,  the  refraction  coefficients 
of  which  depend  on  the  radiation  frequency.  As  a  result,  the 
"goodness”  of  certain  modes  increases,  and  undesirable  types  of 
vibrations  are  suppressed.  In  the  process,  the  energy  from  the 
supressedJ  modes  can  be  pumped  into  the  generating  modes.  The 
selection  of  the  generating  modes  increases  if  two  mirrors  or  a 
specially  selected  system  of  mirrors  are  introduced  into  the 
laser  resonator.  The  rotation  of  the  mirror  introduced  into  the 
resonator  leads  to  a  change  in  the  "goodness"  of  the  corresponding 
modes,  and  makes  it  possible  to  select  In  this  manner  one  type 
or  another  of  modes,  or  to  scan  the  generating  modes  over  the 
luminescent  contour  [643], 

At  the  present  time,  the  radiation  from  the  laser  was  scanned 
smoothly  experimentally  along  the  luminescent  contour  [644]. 

On  the  basis  of  the  method  used  to  select  the  individual  modes, 
it  was  possible  to  obtain  the  following  radiation  data  for  the 
ruby  laser.  ’The  conditions  for  the  single  mode  generation  for 
a  ruby  laser  with  a  spectral  width  of  the  radiation  line  less 
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than  0.001  A  was  obtained  with  a  power  in  a  pulse  of  5  w,  and  . 
wavelength  stability  ±  0.005  a  without  specially  controlling 
the  temperature  of  the  working  element  £6453.  The  powers  14  and 
25  milliwatts  were  obtained  with  a  width  of  the  radiation  line 
equal  to  0.005  A  and  0.008  A.  The  single  mode  generating  con¬ 
ditions  were  obtained  also  for  a  laser  based  on  glass  with  neo- 
dyme. 

The  monochromaticity  and  the  radiation  power  which  were  ob¬ 
tained  for  the  ruby  laser  and  the  laser  based  on  glass  with 
neodyme  made  it  possible  to  use  the  parametric  generating,  the 
second  harmonic  (GBG),  and  the  forced  combined  scattering  (VKR). 
methods.  When  these  are  used,  the  width  of  the  emitted  band 
can  be  preserved  or  can  even  narrow  down  under  certain  conditions,, 
compared  to  Its  value  In  the  pulse  generator.  A  combination 
of  the  GBG  and  VKR  methods  makes  it  possible  to  obtain  coherent 
radiation  with  various  wavelengths.  In  the  spectral  region  0.4- 
1.2  y.  using  these  methods,  generation  was  obtained  at  more 
than  40  wavelengths. 

The  use  of  the  parametric  generation  methods  makes  it  pos¬ 
sible  to  scan  the  radiation  from  lasers  in  relatively  wide  regions 
of  the  spectrum.  At  the  present  time,  models  of  generators 
in  which  the  frequency  can  be  retuned  using  the  nonlinear  KDP 
[Abbreviation  unkown]  and  LiNbO^  crystals  have  already  been 

designed.  The  following  concrete  data  was  obtained.  When  the 
radiation  from  the  second  harmonic  of  the  laser  based  on  glass 
with  neodymium  passes  through  the  KDP  crystal  (wavelength  0.53  v, 
the  power  in  the  pulse  is  30-35  milliwatt/cm2,  the  duration  of 
the  pulse  is  2. 5 ‘10““  sec,  and  the  pumping  divergency  7’ -8’) 
the  wavelength  was  retuned  in  the  region  9571-11775  A.  The  power 
of  the  output  signal  was  equal  to  0.5  kilowatt,  and  the  spectral 
halfwidth  was  0.03-0.07  cm"1  [644],  The  retuned  radiation  fre¬ 
quency  was  obtained  by  using  for  the  radiation  excitation  the 
same  second  harmonic  of  the  laser  based  on  glass  with  neodymium 
and  the  crystal  LiNb03  in  the  spectral  region  0.684-2.335  y. 

When  the  power  of  the  excitation  radiation  was  5*10"4  Watt,  the 
output  signal  had  a  power  of  50  watt  [645],  It  is  assumed  that 
the  radiation  frequency  can  be  retuned  by  this  crystal  in  the 
0.59-5  u  region  if,  during  measurements,  the  temperature  of  the 
crystal  is  also  varied. 

Finally,  we  also  note  the  possibility  of  scanning  the  radi¬ 
ation  frequency  from  the  laser  with  the  aid  of  the  magnetic 
field  in  which  the  generator  is  placed.  The  relatively  low  in¬ 
tensities  of  the  magnetic  field  can  ensure  the  scanning  of  the 
radiation  frequency  from  gas  lasers  by  several  tenths  of  an  in¬ 
verse  centimeters.  Such  frequency  shifts  can  casue  a  substan¬ 
tial  change  in  the  absorption  coefficient  of  the  radiation  from 
the  laser  propagated  in  the  earth's  atmosphere. 
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9.  Propagation  of  Spatially  Bounded  Optical 

Radiation  Beans  In  Atmospheric  Aerosols 

When  three-dimensional ly  bounded  light  beams  are  propagated 
in  the  aerosol  atmosphere,  an  attenuation  of  the  radiation 
takes  place  and  a  light  field  scattered  by  the  particles  is 
formed.  When  the  direct  and  scattered  radiation  are  super¬ 
imposed,  the  distribution  of  the  radiation  brightness  over 
the  cross  section  of  the  beam  depends  in  a  complex  manner  on 
the  optical  cover  of  the  layer,  the  geometric  dimensions  of 
the  beam,  the  properties  of  the  scattering  medium  and  the 
polarization  state  of  the  incident  radiation.  This  picture 
can  be  distorted  by  instruments  which  are  used  in  experimental 
studies. 

The  goal  of  this  chapter  is  the  discussion  of  the  afore¬ 
mentioned  laws  which  govern  the  propagation  of  spatially  bounded 
radiation  beams  (primarily  laser  radiation)  in  various  at¬ 
mospheric  aerosols.  The  principal  attention  is  given  to  an 
analysis  of  the  structure  of  the  light  field  in  the  direction 
of  small  scattering  angles  (forward  scattering)  and  scattering 
angles  close  to  180°  (back  scattering),  since  when  lasers  . 
are  used  in  communications,  information  transmission,  range 
finding  and  distance  measuring  systems,  etc.,  the  most  im¬ 
portant  thing  is  the  availability  of  data  about  forward  and 
back  scattering. 

1.  Brightness  of  Radiation  Scattered 
Forward 

1.  Theoretical  Studies.  The  light  field  formed  through 
the  radiation  scattering  by  aerosol  particles  is  described 
by  the  transfer  equation,  the  solution  of  which  entails 
many  mathematical  difficulties  [646].  For  small  scattering 
angles,  the  brightness  of  the  radiation  which  is  scattered 
forward  can  be  calculated  using  the  method  of  small  angular 
approximations  for  the  transfer  equation  [647  -  649].  How¬ 
ever,  this  method  has  some  important  limitations,  since  it 
does  not  take  into  account  the  polarizations  effects  and  it 
is  only  suitable  for  beams  which  are  not  bounded  across  the 
width  and  for  large  particles  (very  elongated  scattering 
indicatrices) .  The  brightness  of  the  radiation  which  was 
scattered  forward  using  the  method  of  small  angular  approxi¬ 
mations  in  various  scattering  media  was  calculated  in 
article  [650 ],  in  which  the  limits  of  applicability  of  A.  A. 
Gershun’o  formula  [651]  which  describes  the  brightness  of 
the  light  scattered  forward  when  only  single  scattering  is 
taken  into  account  were  determined. 
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In  the  case  of  narrow  collimated  light  beams  the 
theoretical  determination  of  the  brightness  of  the  radiation 
scattered  forward  is  a  very  complex  problem.  At  the  present 
time  this  problem  has  only  been  solved  for  certain  special 
cases.  E.  M.  Feygel'son  >'652]  obtained  an  approximate  formula 
for  the  brightness  B  of  tlie  light  scattered  under  small  angles 
in  a  projector  beam: 


(9.D 

where 

/<_/  [T+!n(*T  +T‘e"T)]»  T<*o(*<z#), 

90  l  [T+ln(4'+-re"T,)]+T»(l— ?■).  (9.2) 

T>To(Z>20); 


r,  and  r2  are  the  radiation  scattered  into  the  front  and  rear 

half sphere,  respectively,  the  quantity  corresponds  to  the 

focus  of  the  projector  and  is  measured  along  the  z  axis  which 
coincides  with  the  direction  in  which  the  beam  is  propagated, 

6  is  the  beam  angle  which  is  related  to  xhe  radius  of  the  beam 
by  the  ratio  6  =»  a/zQ,  f(0)  is  the  scattering  indicatrix  in 

the  forward  direction,  and  t  is  the  optical  layer.  As  was  to 
be  expected,  the  formula  contains  parameters  which  characterize 
the  dimensions  of  the  light  beam. 

In  [653]  and  [654]  rore  general  formulas  were  obtained 
for  bounded  beams.  However,,, their  use  for  corresponding  quan¬ 
titative  calculations  is  more  difficult. 

M.  V.  Kabanov  [656]  derived  expressions  which  can  be  usea 
to  calculate  the  brightness  of  light  which  was  scattered  once 
for  various  geometrical  parameters  of  a  narrow  beam,  the 
divergence  of  which  is  equal  to  the  angle  of  vision  of  the 
receiving  system: 


V^Voe-'^+T 


8  v 

y  J  J P>  ^  +  = 

0  0  J 


-Voe-Ml  +  TDJ, 


(9.3) 
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where  Vq  is  the  signal  value  when  there  is  no  attenuation  in 

the  medium,  t  is  the  optical  thickness  of  the  layer,  8  and  ¥ 
are  the  angles  of  vision  of  the  radiation  source  and  the  re¬ 
ceiving  system,  <; is  the  normalized  scattering  indi- 

catrix  which  depends  on  the  scattering  angle  \<P  =  ^ 
of  the  £*rameter  p  and  the  complex  refractive  index  of  the 
scattering  particles.  The  quantity  D  determines  the  radiation 
which  was  scattered  once  for  various  parameters  7  and  6  in 
various  scattering  media. 

If  the  distance  between  the  radiation  source  and  receiver 
satisfies  the  condition  -I  » d/8,  where  d  is  the  diameter  of 
the  receiving  objective,  formula  (9.3)  can  be  used  to  describe 
the  damping  of  a  narrow  collimated  beam. 

An  expression  was  obtained  for  the  function  D  in  [656] 
for  the  case  when  8  and  ¥  are  small  and  equal  to  one  another, 
and  the  scattering  indicatrix  is  written  in  terms  of  Legendre 
polynomials 


«  v  e 

D=\ [TO  +  V.  on  j  |  Pn  [cos(i|>+d)l dydfi] « 

CO 

2  a»ss*T<i1*4" 

n«0 


where '(p=  ¥*=8;^  are  the  coefficients  in  the  Legendre  poly¬ 
nomials  which  depend  on  the  optical  properties  of  the  scat¬ 
tering  medium. 

It  was  shown  in  [656]  that  when p*  (9.4)  can  be  re¬ 
placed  by  a  simpler  expression  which  is  obtained  from  (9.4) 
by  using  the  approximate  Penndorf  formula  [657]: 

(9.5) 


where  K(p,  m)  is  the  scattering  efficiency  factor  for  the 
particle. 

Ixpressions  (9.4)  and  (9.5)  cannot  be  applied  for  large 
values  of  p,  since  they  were  derived  without  taking  into  account 


the  angular  dependence  of  the  Legendre  polynomials  on  small 
cp.  In  this  connection  a  formula  was  obtained  for  D  in  [656] 
in  which  the  scattering  indicatrix  is  represented  in  terms  of 
Bessel  functions: 


d=4$S  p«p  ]  [2^]'<fe+ 

u  «  p<p 

+  2 1 1  -  j  l  (p<p)  -  (p<p)l  -  U  —  (2pq>) — j\  (2ptp)l, 


(9.6) 


where  Jq  and  are  Bessel  functions. 

We  note  that  when  the  scattering  indicatrix  is  represented 
in  terms  of  Bessel  functions,  it  describes  the  angular  distri¬ 
bution  of  the  intensity  of  the  scattered  light  in  the  region 
where  the  scattering  angles  cp  are  several  degrees,  with  an  ac¬ 
curacy  up  to  3%  for  particles  with  p>60. 

Figure  (9.1)  gives  the  results  for  the  quantity  D  which 
were  calculated  using  formulas  (9.5)  and  (9.6).  Computational 
results  show  that  in  those  cases  when  the  angles  of  vision 
of  the  receiving  system  and  the  source  coincide  for  narrow 
collimated  radiation  beams  with  a  divergence  equal  to  several 
thousandths  of  a  radian,  radiation  which  was  scattered  only 
once  forward  can  be  ignored  compared  to  the  direct  radiation 
of  the  beam  up  to  values  of  the  optical  layer,  and  several 
tenths  in  nebulae,  and  even  more  so  in  mists.  In  the  case  of 
rain  the  quantity  D  is  close  to  unity  under  the  same  conditions; 
therefore,  for  the  value  t  =  1  the  light  which  is  scattered 
once  in  the  zone  of  the  beam  will  have  the  same  brightness  as 
the  direct  beam. 


Fig.  9.1.  The  quantity  D  vs  the  parameter  p  obtained  on 
the  basis  of  calculations  using  formulas  (9. 5) (dotted 
curve)  and  (9.6) (solid  curve) 


-368- 


From  our  point  of  view  a  very  promising  method  for  solving 
the  radiation  transfer  problems  of  spatially  bounded  light 
beams  in  the  scattering  and  absorbing  media  is  the  Monte  Carlo 
method.  The  Monte  Carlo  method  is  very  effective  in  the  solu¬ 
tion  of  multidimensional  radiation  transfer  problems  in  media 
with  various  optical  characteristics  when  the  geometry  of  the 
sources  and  receivers  is  finite.  The  relatively  slow  convergence 
of  the  method  depends  only  on  the  number  of  statistical  tests 
and  the  quality  of  the  models.  The  development  of  various 
modifications  of  the  method  together  with  the  use  of  present- 
day  electronic  computers  made  it  possible  to  solve  many  problems 
in  atmospheric  optics.  A  considerable  number  of  papers  were 
devoted  to  the  theory  of  the  Monte  Carlo  method  as  applied 
to  radiation  transfer  problems  (see,  for  example,  [832]). 

The  application  of  the  method  to  the  solution  of  problems  in 
atmospheric  optics  was  discussed  in  the  work  of  G.  I.  Marchuk, 
and  G.  A.  Mikhaylov  [655].  G.  A.  Mikhaylov  and  G.  M.  Krekov 
perfected  certain  modifications  of  the  method  and  developed 
algorithms  and  solved  a  number  of  problems  dealing  with  the 
propagation  of  spatially  bounded  light  beams  in  various  scat¬ 
tering  media  [658,  659,  783,  833  -  837,  843].  Some  of  the  re¬ 
sults  obtained  will  be  analyzed  below.  Here  we  will  discuss 
briefly  the  results  of  studies  of  radiation  which  was  scattered 
forward  several  times  which  occurs  during  the  propagation  of 
various  spatially  bounded  light  beams  recorded  by  a  receiver 
with  different  area  dimensions.  The  program  used  for  the  cal¬ 
culations  has  the  capability  to  vary  the  optical  properties 
of  the  medium  and  the  geometric  parameters  of  the  source  and 
receiver  within  very  wide  limits.  We  will  restrict  outselves 
to  the  description  of  several  characteristic  cases. 

In  [837]  the  angular  distribution  of  the  intensity  of 
light  which  was  scattered  several  times  in  the  plane  of  the 
receiver  was  calculated  under  the  following  conditions  of  the 
quantitative  experiment.  The  form  of  the  radiating  and  re¬ 
ceiving  surfaces  was  circular.  The  optical  axes  of  the 
source  and  receiver  collimators  coincide.  The  radiation  in¬ 
tensity  of  the  source  is  uniformly  distributed  in  a  cone  with 
an  angle  8  equal  to  6',  1°,  5°,  10°.  The  radiation  wave¬ 
length  is  equal  to  0.45  and  0.7  n.  The  radiation  is  propagated 
in  a  water  cloud,  the  indicatrix  and  the  attenuation  coefficient 
of  which  were  obtained  in  the  study  of  Deirmenjian  [517], 

The  diameters  of  the  source  and  the  receiver  D2  are  equal  to, 

respectively,  4  and  150  mm.  The  optical  layers  t  through  which 
the  direct  beam  passes  are  3.0,  5.0,  10.0. 

Figure  9.2  shows  the  results  of  the  calculations  of  the 
angular  distribution  of  the  intensity  for  radiation  scattered 


-369- 


forward  several  tines  in  the  plane  of  the  receiver 


Fig.  9.2.  Results  of  calculations  of  the  angular  distribu¬ 
tion  of. the  intensity  of  radiation  scattered  forward 
several  times  (X  -  0.45  p)  in  a  water  cloud  with  optical 
layer  r  -  5.0  for  various  divergence  angles  of  the  source 
0-6'  (curve  1),  1°  (curve  2),  5°  (curve  3),  10°  (curve 
4)  (the  diameters  of  the  source  and  receiver  are  equal  to 
4  and  150  mm,  respectively) 


Key:  a.  degrees 


Fig.  9.3.  Results  of  calculations 
of  the  angular  distribution  of 
the  intensity  of  radiation  scat¬ 
tered  forward  several  times 
(X  ■  0.45  m)  in  a  water  cloud 
with  optical  layer  t  -  4.0  for 
various  diameters  of  the  re¬ 
ceiver  D(r)  »  4.0  m  (curve  1), 
3.0  m  (2.) ,  1.5  m  (3)  ,  1.0  m  (4)  , 
0.5  m  (5),  0.2  m  (6),  0.15  m  (7) 
(the  diameter  and  divergence 
angle  of  the  source  are  equal  to 
4  mm  and  30',  respectively) 

Key:  a.  degrees 
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For  all  values  of  the  divergence  angle  of  the  source  which 
were  studied  the  intensity  of  the  radiation  arriving  at  the  receiv¬ 
ing  area  of  the  indicator  at  various  angles  Y  varied  by  9  -  12 
orders  of  magnitude  when  ¥  varied  from  0°  to  90°.  We  note  that 
to  construct  diagrams  of  the  type  given  in  Fig.  9.2  data  was 
used  for  the  angles  f  -  0,  30’,  1°,  2°,  5°,  10°,  15°,  20°,  30°, 

40°,  50°,  60°,  70°,  80°,  90°.  As  was  to  be  expected, the  most 
pronounced  angular  dependence  of  the  incident  radiations  on 
the  receiver  which  is  scattered  forward  occurs  with  small  values 
of  Y  and  6. 

Figure  9.3  gives  the  computational  results  for  the  angular 
distribution  of  the  intensity  for  various  dimensions  of  the  re¬ 
ceiving  area  of  the  indicator. 

The  computational  results  which  were  obtained  make  it  pos¬ 
sible  to  analyze  quantitatively  the  dependence  of  the  intensity 
of  the  radiation  which  was  scattered  forward  several  times  and 
which  is  recorded  by  the  receiver  for  various  geometrical, 
parameters  of  the  source  and  receiver.  A  comparison  of  the 
calculated  values  with  the  corresponding  results  obtained  from 
experimental  studies  shows  that  the  calculated  results  are 
in  satisfactory  agreement. 

2.  Experimental  Studies.  Detailed  experimental  studies 
of  the  brightness  of  the  light  scattered  forward  during  the 
propagation  of  laser  radiation  in  various  media  were  carried 
out  in  our  laboratory  [660  -  665,  781 ]. 

The  apparatus  which  was  developed  to  carry  out  the  studies 
included  the  following  basic  elements:  1)  optical  quantum 
generators  with  working  wavelengths  6328  A  (a  gas  laser  in  a 
continuous  radiation  mode,  with  beam  diameter  about  0.4  cm, 
divergence  angle  6')  and  6943  A  (a  pulsed  ruby  laser 
beam  diameter  20  -  100  mm,  divergence  angle  30”  -  40"), 

2)  coll imat ion  heat  sources,  equipped  with  narrow  band  inter¬ 
ference  filters  with  maximum  transmission  near  the  wavelengths 
0.63  and  0.69  (i,  3)  a  receiving  system  which  ensures  the  photo¬ 
metering  of  individual  regions  of  the  focal  image  picture  of 
the  source  and  background  in  the  direction  of  small  scattering 
angles . 

The  recording  of  the  radiation  brightness  distribution  in 
the  focal  plane  of  the  receiving  system  was  carried  out  photo¬ 
graphically  or  photoelectrically,  depending  on  the  manner  in 
which  the  focal  picture  was  diaphragmed. 
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Fig.  9.4.  The  total  brightness  of  the  radiation  scattered 
forward  and  back  vs  the  optical  layer  r  in  clouds 
(circles)  and  mists  (crosses) 

Curves  1  and  2  characterize  the  decreasing  brightness 
of  direct  radiation  of  the  beam  and  the  original  back¬ 
ground  of  the  source  as  r  increases  according  to  the 
Buger  law 


The  measurements  were  carried  out  in  a  chamber  with  a  vol¬ 
ume  of  30  m3  in  which  ligneous  fumes  were  created  (the  diameter 
of  the  particles  was  0.8  -  1.0  |i)  and  artificial  water  nebula 
(the  mean  square  diameter  of  the  drops  was  8  -  15  n) .  The 
selection  of  the  scattering  media  was  motivated  by  the  desire 
to  obtain  data  suitable  for  analyzing  the  laws  which  govern 
the  propagation  of  narrow  collimated  beams  in  the  earth's  at¬ 
mosphere.  The  brightness  of  the  direct  and  scattered  radiation 
were  measured  with  the  aid  of  two  metering  circuits.  In  one 
variant,  the  radiation  source  and  the  receiving  system  were 
located  on  the  same  line  (the  direct  beam  circuit) .  The  length 
of  the  beam  path  was  4  m.  In  the  second  variant  the  light  beam 
from  the  source  was  rotated  by  a  plane  mirror  and  sent  to  the 
receiving  apparatus  which  was  located  next  to  the  source  (re¬ 
flected  beam  circuit).  The  length  of  the  beam  path  increased 
in  the  process  up  to  8.3  m,  and  the  angle  cp  through  which  the 
beam  was  rotated  by  the  mirror  could  vary  from  1°30'  to  8°30'. 

The  simultaneous  measurement  of  the  brightness  of  direct 
radiation  from  a  laser  and  a  heat  source  in  the  scattering 
medium  made  it  possible  to  Investigate  the  specific  features 
of  the  coherent  radiation  attenuation  as  compared  to  noncoherent 
radiation  attenuation. 
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The  measurement  results  of  the  brightness  of  the  radiation 
scattered  forward  in  artificial  water  clouds  and  mists  obtained 
using  the  reflected  beam  circuit  and  a  gas  laser  are  given  in 
Fig.  9.4.  All  measurements  were  processed  relative  to  the 
original  brightness  of  the  source  B  -  1. 

It  can  be  seen  from  Fig.  9.4  that  the  background  bright¬ 
ness  when  the  optical  layer  is  t  «  0  is  not  equal  to  zero.  To 
find  the  background  brightness  due  only  to  light  scattering, 
the  original  background  brightness  of  the  source  must  be  sub¬ 
tracted  from  the  total  measured  background  brightness.  It  can 
be  assumed  that  the  attenuation  of  the  original  background  of 
the  source  is  described  by  the  Buger  law  (line  2) .  The  con¬ 
tribution  of  the  latter  to  the  total  background  is  unimportant 
for  nebulae  when  t<4  and  for  mists  when  t<14.  When  the 
remarks  which  were  made  are  taken  into  account/  it  can  be  said 
that  the  background  brightness  is  equal  to  the  direct  radiation 
brightness  when  the  values  of  the  optical  layer  are  t  22  —  24  , 
both  for  nebula  and  mists,  media  in  which  the  dimensions'  of  the 
scattering  particles  differ  considerably.-  In  the  range  of  op¬ 
tical  layers  approximately  from  2  to  13  the  background  bright¬ 
ness  in  nebulae  is  approximately  1  -  1.5' orders  of  magnitude 
greater  than  in  mists.  Starting  out  with  some  value  of  the 
optical  layer  in  nebulae  and  mists  the  brightness  curves  for 
the  background  begin  to  bend.  For  mists  this  bend  occurs  with 
a  smaller  value  of  t  than  for  nebula.  When  the  values  of  the 
optical  layers  are  larger  than  20  the  background  brightness 
curves  practically  coincide  both  for  mists  and  nebulae  and  do 
not  depend  on  the  value  of  t.. 

The  measurement  results  of  background  brightness  in  nebulae 
and  mists  which  are  plotted  in  Fig.  9.4  were  obtained  using 
the  reflected  beam  circuit.  This  means  that  during  the  measure¬ 
ments  not  only  the  background  due  to  forward  scattering  under 
small  angles  was  recorded  but  also  the  background  caused  by 
back  scattering  at  small  angles  during  the  propagation 
of  the  beam  from  the  source  to  the  rotating  mirror.  We  were 
interested  in  obtaining  the  brightness  values  of  both  back¬ 
ground  components.  With  this  aim  in  mind  the  rotating  mirror 
was  closed  and  only  the  background  brightness  due  to  back 
scattering  was  measured.  These  measurements  have  shown  that 
for  large  t  the  background  brightness  is  mainly  determined  by 
the  radiation  which  is  scattered  back* 

Figure  9.5  shows  the  results  obtained  from  measurements 
of  radiation  scattered  forward  in  nebula  and  mists  using  the 
direct  beam  circuit.  It  can  be  seen  from  the  figure  that  in 
the  entire  range  of  values  t  considered  the  background  bright¬ 
ness  is  considerably  smaller  than  the  direct  radiation  brightness. 
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The  relation  for  the  background  brightness  is  described  satis¬ 
factorily  by  the  calculated  data  using  the  formula  for  single 
scattering. 


b 


Fig.  9.5.  The  brightness  of  radiation  scattered  forward 
vs  the  optical  layer  in  nebulae  (dots  and  mists  (crosses) 

The  dotted  curves  were  constructed  on  the  basis  of 
calculations  according  to  single-scattering  theory, 
the  solid  line  describes  direct  radiation  attenuation 
in  accordance  with  the  Buger  law 


In  addition  to  the  measurements  in  the  chamber  with 
artificial  clouds  which  were  considered  in  our  studies,  we 
also  investigated  the  brightness  of  radiation  scattered  for¬ 
ward  in  model  media  (a  slightly  turbid  milk  solution  in  water, 
with  mean  square  diameter  of  the  particles  3.5  ±  1.5  |i, 
and  the  lycopodium  suspension  in  the  mixture  of  alcohol 

and  water;  the  radius  of  the  particles  was  15  ±  0.5  n) .  The 
width  of  the  beam  was  characterized  by  the  value  of  the  op¬ 
tical  diameter 


A -  ad, 


(9.7) 


where  a  is  the  attenuation  coefficient,  and  d  is  the  geometric 
diameter  of  the  beam.  The  value  of  A  during  the  measurements 
was  equal  to  0.34.  The  angular  aperture  of  the  receiver  was 
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equal  to  the  divergence  angle  of  the  radiation  fro*  the  source. 

The  Measurements  results  for  the  slightly  turbid  milk 
solution  are  plotted  in  Tig.  9.6.  The  values  of  the  optical 
layer  of  the  medlua  are  plotted  on  the  abscissa  and  the  bright¬ 
ness  values  of  the  direct  and  scattered  light  on  the  ordinate. 
The  brightness  of  the  direct  radiation  fro*  the  laser  in  the 
absence  of  a  scattering  Medium  is  taken  to  be  equal  to  one. 

The  curves  in  the  diagram  are  constructed  from  the  experimental 
points  and  the  scatter  in  the  brightness  values  does  not  ex¬ 
ceed  5%.  Curve  1  characterizes  the  change  in  the  brightness 
of  the  direct  and  scattered  bean  in  the  zone  when  the  optical 
diameter  of  the  receiving  objective  is  A  -  0.5,  curve  2  was 
obtained  under  the  same  conditions  and  describes  the  variation 
in  the  brightness  of  only  the  scattered  radiation,  curve  3-, 
which  coincides  with  curve  2  when  t<15,  was  constructed  using 
the  results  of  the  calculations  for  the  brightness  of  singly 
scattered  radiation  under  measurement  conditions  in  which  curve 
2  was  obtained,  curve  4  is  analogous  to  curve  1  but  was  ob¬ 
tained  when  the  value  of  the  optical  diameter  of  the  receiving 
objective  was  A  «  9,  curve  5  describes  only  the  variation  in 
the  brightness  of  multiple  scattering  when  the  diameter  of  the 
receiving  objective  is  A  -  9. 


Fig.  S.6.  Total  brightness  of  the  direct  and  scattered 
radiation  beam  in  the  zone  vs  the  optical  layer  of  a 
slightly  turbid  milk  solution 


It  can  be  seen  from  Fig.  9.6  that  in  the  light  beam  zone 
which  is  characterized  by  the  divergence  6'  and  the  optical 
diameter  A  *  0.34  when  the  optical  diameter  of  the  receiving 
objective  is  0.50,  the  brightness  of  the  scattered  light  is 
described  by  the  formulas  for  single  scattering  [651 ]  up  to 
values  of  the  optical  layer  equal  to  t  ■  15  and  that  the  ab¬ 
solute  value  of  the  brightness  is  at  least  one  order  of 
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Magnitude  less  than  the  brightness  of  the  direct  radiation 
attenuated  according  to  the  Buger  lav  when  the  values  -of  t 
lie  in  the  interval  fron  0  to  18.  An  increase  in  the  optical 
diameter  in  the  objective  of  the  receiver  is  equivalent  in  our 
experiments  to  a  corresponding  increase  in  its  geometrical  diam¬ 
eter  since  the  width  of  the  beam  and  the  density  of  the  scat¬ 
tering  elements  did  not  change,  which  in  turn  was  responsible 
for  the  more  prominent  role  of  multiple  scattering  in  the  forma¬ 
tion  of  radiation  scattered  forward  for  various  optical  layers. 
Thus,  for  values  t>15  (the  optical  diameter  of  the  objective 
of  the  receiver  is  9.0)  the  multiple  scattering  brightness 
turns  out  to  be  larger  than  the  direct  radiation  brightness. 

The  absolute  value  of  the  multiple  scattering  brightness  ex¬ 
ceeds  the  single  scattering  brightness  value  when  t>9,  and 
at  the  same  time  it  depends  little  on  the  value  of  t. 

To  elucidate  the  dependence  of  the  distribution  of  the 
brightness  for  light  scattered  several  times  forward  ever  the 
cross  section  of  the  beam  on  the  diameter  of  the  objective  of 
the  receiver,  we  measured  the  brightness  in  different  annular 
zones  selected  by  diaphragms  which  were  mounted  in  front  of 
the  receiver  objective.  The  zone  of  the  beam  (zone  1)  was 
screened  by  a  diaphragm  as  before,  which  determined  the  quan¬ 
tity  A  -  0.5,  zones  2-6  were  selected  so  that  each  of  them 
characterized)  the  increase  in  the  optical  diameter  of  the 
objective  of  the  receiver  by  the  amount  1.70.  Figure  9.7  gives 
the  measurement  results  which  were  obtained.  Curves  6  -  10 
characterize  the  variation  in  the  brightness  of  the  radiation 
scattered  several  times  vs  the  quantity  t  in  zones  2-6  when 
the  survival  probability  of  the  photon  is  X  -  0.99,  curves 
6a  -  10a  were  obtained  for  a  medium  with  the  value  X  =  0.92 
for  the  same  zones.  Curves  1-5  are  replotted  from  Fig.  9.4 
using  the  same  numbering.  When  curves  6  and  6a  were  obtained 
it  was  not  possible  to  eliminate  the  source  background  effect 
in  zone  2. 

In  the  studies  made  with  the  lycopodium  suspension 
in  the  alcohol  solution  with  water  we  obtained  results  which 
were  qualitatively  analogous  to  the  results  discussed  above. 

The  role  played  by  multiple  light  scattering  in  the  zone 
of  the  beam  turned  out  to  be  greater  than  in  the  case  of 
the  slightly  turbid  milk  solution  which  is  caused  by  the  cor¬ 
responding  difference  in  the  elongation  of  the  scattering  indica 
trix  for  these  media. 

To  test  the  accuracy  of  the  Monte  Carlo  method  when  the 
brightness  of  the  radiation  which  was  scattered  forward  several 
times  was  calculated  in  various  scattering  media  with  various 
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Fig.  9.7.  Variation  in  the  brightness  of  radiation  scat¬ 
tered  forward  several  times  in  various  zones  of  the 
cross  section  of  the  receiver  objective  for  two  values 
of  the  photon  survival  probability:  X  =  0.99  (curves 
6  -  10)  and  X  =  0.92  (curves  6a  -  10a) 

Curves  1-5  are  replotted  from  Fig.  9.4 


geometric  parameters  of  the  source  and  receiver  the  conditions 
for  the  measurements  which  were  described  were  reproduced  in 
[837]  and  the  corresponding  calculations  were  made.  Figure  9.8 
gives  a  comparison  of  the  computational  results  with  the  ex¬ 
perimental  values  in  Fig.  9.7.  The  calculated  values  are 
plotted  as  dots  through  which  vertical  segments  pass  which 
characterize  the  value  of  the  mean  square  deviation.  It  can 
be  seen  from  Fig.  9.8  that  the  calculated  results  are  in  full 
satisfactory  agreement  with  the  experimental  values.  The 
discrepancy  between  the  results  in  the  region  of  small  values 
of  t  in  curve  2  is  due  to  the  effect  of  the  original  source  , 
background  which  was  not  taken  into  account  during  the  experi¬ 
mental  studies. 

We  were  interested  in  clarifying  the  limiting  values  of 
the  optical  layers  for  which, in  various  scattering  media,  the 
dominant  role  in  forward  scattering  is  played  by  single  scat¬ 
tering,  which  can  be  calculated  rather  simply. 
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The  intensity  of  the  radiation  which  was  scattered  forward 
once  is  written  [651 ]  in  the  fora 


Key: 

a.  s  (9.8) 


where  Iq  is  the  intensity  of  the  incident  radiation  on  the 

scattering  layer,  t  is  the  optical  thickness  of  the  layer, 
u)  is  the  solid  bean  angle,  f(0)  is  the  value  of  the  scattering 
indicatrix  in  the  direction  of  the  scattering  angle  6  -  0 
(forward  scattering) .  For  small  collimation  angles  we  can  set 
u»  «  tt<x2  where  a  is  the  bean  angle.  If  we  use  Penndorf’s  approxi- 


mating  formula  [656] 

&V(0)--2£/C(P,m). 

(9.9) 

we  obtain  from  (9.8) 

/*k/o 

(9.10) 

Key:  a.  s 


where  K(p,  m)  is  the  attenuation  efficiency  factor  for  a  particle 
with  radius  a,  p  -  2na/X,  and  X  is  the  wavelength. 

Formula  (9.10)  can  be  rewritten  in  the  form 


/»  =■  IqXQ-% 
Q* 


(9.11) 


Key:  a.  s 


where 


o*p»/C  (Pi  m) 
16 


(9.12) 


is  a  parameter  which  characterizes  the  proportion  of  light 

scattered  by  the  particle  in  the  forward  direction.  The 

values  of  this  parameter  can  be  found  using  the  quantity  I 

s 
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which  is  measured  in  the  experiment. 

The  limiting  values  of  n  which  were  determined  from  the 
experiment  enabled  us  to  find  the  limiting  values  of  the  opti¬ 
cal  layers  for  which  the  multiple  scattering  effect  can  be 
ignored  when  the  radiation  scattered  forward  is  determined. 

It  turned  out  that  for  a  beam  divergence  between  the  limits 
a  =  30'  -  10"  the  formulas  which  describe  the  intensities  of 
the  light  scattered  forward  due  to  only  single  scattering  are 
valid  up  to  values  of  the  optical  layer  t <18  for  particles 
for  which  the  values  of  the  parameter  p  lie  in  the  range 
from  1  to  3000.  This  range  of  values  of  the  parameter  p 
covers  practically  the  dimensions  of  atmospheric  aerosol  par¬ 
ticles  in  the  visible  and  infrared  regions  of  the  spectrum 
(mists,  clouds,  nebulae,  drizzle,  smoke,  dust). 
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Fig.  9.8.  Results  of  a  comparison  of  experimental  values 
from  Fig.  9.7  (curves  6  -  10)  with  the  calculated  values 
obtained  using  the  Monte  Carlo  method  [837] 


Experimental  studies  of  the  brightness  of  light  scattered 
forward  propagating  in  various  model  media  with  values  of  the 
optical  layer  t<20  were  carried  out  in  the  studies  of  A,  P. 
Ivanov  and  A.  Ya.  Khayrullina  [617,  838,  839]’.  The  parameters 
which  characterize  the  radiation  source,  the  receiver  and  the 
scattering  medium  varied  between  wide  limits  (the  divergence 
angle  of  the  source  from  7’  to  1°44’,  and  the  angular  aperture 
of  the  receiver  from  16"  to  7°,  the  optical  diameter  of  t^e 
radiating  beam  from  0  to  0.30,  and  the  optical  diameter 
the  radiation  receiver  from  0  to  0.40).  The  results  whici. 
were  obtained  enabled  the  authors  to  estimate  quantitativel. 
the  systematic  measurement  error  in  the  attenuation  coefficient 
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of  the  scattering  medium  due  to  the  recording  by  the  receiver 
of  the  radiation  scattered  forward.  This  error  is  uniquely 
determined  if  the  optical  characterise.  ;s  of  the  scattering 
medium  and  the  geometric  parameters  of  the  source  and  receiver 
are  known. 

In  conclusion  we  will  consider  briefly  the  results  of 
experimental  studies  of  the  brightness  of  light  scattered  for¬ 
ward  for  very  large  optical  layers  when  the  so-called  depth 
conditions  occur.  A  series  of  light  scattering  measurements 
in  very  turbid  media  was  carried  out  by  V.  A.  Timofeeva  [666  - 
668].  According  to  the  results  of  these  measurements,  the 
brightness  of  the  radiation  scattered  forward  varies  as  the 
optical  layer  t  of  the  medium  increases  in  accordance  with  the 
exponential  law;  however,  the  attenuation  coefficient  is  smaller 
than  in  the  case  of  small  optical  layers.  The  brightness  of 
the  radiation  scattered  under  various  angles  for  very  large 
t  decreases  in  accordance  with  the  same  exponential  law  which 
also  applied  to  the  brightness  of  the  light  which  is  scattered 
forward.  The  range  of  values  of  t  for  which  the  above  rela¬ 
tion  holds  is  usually  called  the  depth  or  stationary  mode. 

The  radiation  brightness  in  the  direction  of  the  angle  6  ha f>, 
in  this  case,  the  form 

(9.13) 


where  B0  is  the  initial  brightness  of  the  beam  in  the  forward 
direction,  C  is  a  constant  which  depends  on  the  boundary  condi¬ 
tions  and  the  geometric  parameters  of  the  light  beam,  cp(6)  is 
the  angular  distribution  of  the  brightness  in  the  depth  mode, 
z  is  the  geometric  thickness  of  the  scattering  layer,  zQ  is 

the  geometric  thickness  of  the  scattering  layer  from  which  the 
depth  mode  begins,  k'  is  the  attenuation  coefficient  which  is 
related  to  the  attenuation  coefficient  a  in  the  region  of 
small  t  by  the  relation 


k'~V'fc\  (9-14) 


where  A  is  a  parameter  which  depends  on  the  optical  properties 

of  the  scattering  medium  which  is  related  to  the  absorption 

coefficient  <x„  by  the  linear  relation 
a 

<9-15> 

Key :  a .  a 
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The  constant  b  in  (9.15)  depends  on  the  scattering  in- 
dicatrix  of  the  medium. 

For  a  constant  distance  between  the  source  and  receiver 
we  can  obtain  from  (9.13)  -  (9.15)  the  following  formula  for 
the  brightness  of  the  radiation  scattered  forward  at  depths 
with  the  optical  layer  t: 


B  (0)  =  floCe 


-  SoC'e-* 


(9.16) 


C  =  Ce 


-k 
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*  ;  k^Vboai. 


(9.17) 


Key:  a.  a 


In  the  case  of  \  pure  scattering  medium  (aft  -  0)  as  can 

be  seen  from  (9.16)  and  (9.17)  the  brightness  of  the  light 
scattered  forward  does  not  depend  on  the  optical  layer  t.  The 
presence  of  absorption  in  the  medium  (a&  f  0)  leads  to  a 

damping  of  B(0)  with  the  quantity  t. 

The  diagram  for  the  angular  distribution  of  the  brightness 
of  the  scattered  light  in  the  presence  of  the  depth  mode  is  a 
circle.  In  the  case  of  a  pure  scattering  medium  the  pole  of 
the  diagram  lies  at  the  center.  Vhen  absorption  takes  place 
in  the  medium  this  pole  is  shifted  back  relative  to  the  direc¬ 
tion  of  the  propagating  light  beam  and  the  brightness  diagram 
becomes  slightly  elongated.  As  t  increases  the  form  of  the 
diagram  remains  unchanged  and  is  characterized  by  the  quantity 


*tr 
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fl(0) 


(9.18) 


Key:  a.  a 
b.  s 
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where  u  is  a  parameter  which  depends  on  the  scattering  indi¬ 
es  trix  of  the  nedius. 

G.  V.  Rosenberg  obtained  a  formula  which  is  analogous  to 
(9.18)  on  the  basis  of  theoretical  consideration  [669]. 

A  large  series  of  measurements  of  the  brightness  of  the 
scattered  radiation  in  the  presence  of  the  depth  mode  in  various 
model  media  was  carried  out  by  A.  B.  Ivanov  and  his  collabora¬ 
tors  [670  -  677].  The  geometric  parameters  of  the  light  beam 
were  varied  during  the  measurements.  For  small  diameters  of 
the  light  beam  the  depth  mode  occurred  with  values  of  the  op¬ 
tical  layer  t>  50(1  On  the  basis  of  an  analysis  of  the  experi¬ 
mental  data  the  following  empirical  formula  was  obtained  which 
describes  the  illumination  of  the  medium  at  great  depths  under 
a  parallel  light  beam: 


-  <t-T,)  W  S 

E~E*  V  (9.19) 


Key:  a.  a 
b.  s 


where  tq  is  the  optical  layer  with  which  the  depth  mode  begins, 

q  is  a  parameter  which  depends  on  the  scattering  indicatrix, 

8  -  k2*)  is  the  optical  area  of  the  beam  cross  section,  k  is 
the  attenuation  coefficient,  Q  is  the  geometrical  crosB  sec¬ 
tion  of  the  beam,  p  is  a  parameter  which  depends  on  the  ab¬ 
sorption  and  scattering  coefficient  and  the  scattering  in¬ 
dicatrix. 

Formula  (9.19)  can  be  rewritten  in  the  form 


e“P  »■),  (9.20) 


where  d  is  the  diameter  of  the  beam,  t  is  the  optical  layer, 
p'  is  a  parameter  which  depends  on  the  optical  characteristics 
of  the  medium. 

« 

In  [670  -  677]  is  was  discovered  that  the  brightness  of 
the  scattered  light  in  the  depth  regime  is  proportional  to 
the  divergence  angle  of  the  narrow  collimated  beam. 
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2.  Attenuation  of  Direction  Radiation  in  Scattering 
Media. 

Limits  of  Applicability  of  the  Buger  Law 

Direct  monochromatic  radiation  of  a  collimated  beam  propa¬ 
gating  in  a  scattering  medium  without  natural  radiation  in  it 
is  attenuated  according  to  the  Buger  law,  if  the  particles  of 
the  medium  scatter  the  radiation  independently.  Usually  the 
direct  radiation  carries  one  type  or  another  of  useful  informa¬ 
tion.  Therefore,  from  the  standpoint  of  practical  applications 
it  is  very  important  to  know  what  the  limiting  conditions 
are  during  which  the  direct  radiation  can  be  isolated  from  the 
radiation  scattered  forward  from  the  background.  Clearly  this 
can  be  done  in  those  cases  when  the  brightness  of  the  direct 
radiation  is  greater  than  the  brightness  of  the  background. 

If  the  brightness  of  the  background  is  greater  than  the  bright¬ 
ness  of  the  direct  radiation,  when  the  useful  information 
carried  by  the  beam  is  extracted,  insurmountable  difficulties 
can  arise  which  are  related  to  the  fact  that  the  radiation 
scattered  forward  is  formed,  in  the  final  analysis,  by  the 
beam  itself.  In  this  case  to  select  the  direct  radiation 
signal  from  the  background  of  the  scattered  radiation,  it  is 
necessary  that  the  brightness  of  the  signal  be  greater  than 
the  brightness  of  the  light  which  is  scattered  forward.  It  is 
easy  to  see  why  the  most  convenient  conditions  when  the  use¬ 
ful  signal  is  measured  are  those  conditions  when  the  angular 
aperture  of  the  receiver  and  the  divergence  angle  of  the 
source  are  equal.  In  this  case  the  receiving  system  will  in¬ 
tercept  the  entire  beam  and  the  minimum  radiation  from  the 
scattered  background,  since  for  large  values  of  the  input  ob¬ 
jective  with  the  same  useful  signal,  the  background  noise 
signal  will  be  larger  (see  para.  1). 

In  the  case  when  the  useful  signal  is  considerably  larger 
than  the  signal  from  the  light  scattered  forward,  we  can  say 
that  the  Buger  law  can  be  applied  to  describe  the  measured 
attenuation  of  a  narrow  collimated  beam  which  is  propagated 
in  the  scattering  medium  and  completely  intercepted  by  the 
receiving  system.  Thus,  an  investigation  of  the  limits  of 
applicability  of  the  Buger  law  to  the  description  of  the 
measured  attenuation  in  the  medium  will  enable  us  to  answer 
the  question  about  the  range  of  action  of  a  particular  system 
in  which  narrow  collimated  light  beams  are  used  to  transfer 
the  useful  information  through  various  scattering  media. 

A  detailed  investigation  of  the  limits  of  applicability 
of  the  Buger  law  for  various  concrete  measurements  circuits  in 
various  scattering  media  was  carried  out  hy  us  in  our  laboratory 
in  the  studies  quoted  in  the  preceding  section,  in  which  together 
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with  the  measurements  of  the  brightness  of  the  radiation 
scattered  forward  the  brightness  of  the  direct  beam  was  de¬ 
termined.  Here  we  will  summarize  some  of  the  results  of  these 
investigations  from  the  standpoint  of  the  limits  of  applicability 
of  the  Buger  law.  We  emphasize  again  that  we  are  dealing  with 
the  limits  of  applicability  of  the  Buger  law  to  the  description 
of  the  attenuated  light  beam  which  is  measured  in  the  experi¬ 
ment  and  which  is  propagated  through  the  scattering  medium.  It 
is  clear  that  these  limits  must  depend  not  only  on  the 
optical  properties  of  the  scattering  medium  but  also  on  the 
geometric  parameters  of  the  beam  and  the  receiving  system.  We 
will  consider  the  case  when  the  divergence  angle  of  the  beam 
and  the  angular  aperture  of  the  receiver  are  equal  to  one 
another. 

Figure  9.9  gives  the  measurement  results  for  the  bright¬ 
ness  B  of  a  laser  beam  which  depends  on  the  optical  layer  of 
a  milk  solution  diluted  with  water.  A  gas  laser  was  used  in 
the  measurements  with  divergence  6'  and  beam  diameter  d  -  0.4  cm. 

Each  curve  in  the  diagram  refers  to  a  certain  value  of  the 
optical  beam  diameter  A  -  ad.  A  was  varied  in  the  interval 
from  0.09  to  12.0  by  increasing  the  density  of  the  scattering 
elements.  All  measurement  results  are  reduced  to  unit  bright¬ 
ness  of  the  beam  incident  to  the  scattering  layer. 

The  criterion  for  the  applicability  of  the  Buger  law  to 
the  description  of  the  measured  brightness  of  the  beam  with 
the  quantity  t  is  the  rectilinear  relation  between  lgB  and 
t.  It  can  be  seen  from  Fig.  9.9,  in  which  the  quantity  B 
is  plotted  in  logarithmic  coordinates  that  the  rectilinear 
sections  of  the  curves  depend  to  a  considerable  extent  on  the 
optical  diameter  of  the  beam.  The  limiting  values  of  t  change 
very  abruptly  when  the  A  are  small  (A<0.74).  When  A  increases 
the  limiting  values  t  decrease  more  slowly  and  when  A>1.48 
they  are  practically  independent  of  A  end  are  approximately 
equal  to  t  -  12. 

The  relation  obtained  for  the  limits  of  applicability  of 
the  Buger  law  which  described  the  variation  in  the  measured 
brightness  of  the  beam  with  the  value  t  of  the  optical  diameter 
of  the  beam, can  be  used  to  explain  the  different  role  played 
by  multiple  light  scattering  in  the  zone  of  the  beam  for  various 
A.  As  A  increases  due  to  a  change  in  the  particle  concentration 
when  the  geometric  diameter  of  the  beam  is  constant  or  when  the  latter 
increases  when  the  concentration  of  the  scattering  elements  is  con¬ 
stant,  the  role  of  multiple  scattering  in  the  formation  of  tfce  light 
scattered  in  the  z^e  of  the  beam  becomes  more  important  in 
comparison  with  radiation  scattered  once.  For  sufficiently 
large  A  "saturation"  of  the  contribution  of  multiple  scattering 
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occurs.  For  small  A  the  single  scattering  contributes  more  to 
the  field  which  is  scattered  forward.  This  is  due  to  a  shift 
in  the  lisits  of  applicability  of  the  Buger  law  which  is  used 
to  describe  the  Measured  damping  of  the  beam  in  the  direction 
of  large  values  of  t. 
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Fig.  9.9.  The  lisits  of  appliabillty  of  the  Buger  law 
to  the  description  of  the  neasured  attenuation  of  a 
narrow  collimated  light  beam  in  the  scattering  medium 
vs  the  optical  diameter  A  of  the  beam:  1)  A  -  0.09, 
2)  0.34,  3)  0.74,  4)  1.11,  5)  1.48,  6)  2.22,  7)  3.96, 
8)  3.56,  9)  7.12,  10)  9.0,  11)  12.0 


Analogous  changes  in  the  limits  of  applicability  of  the 
Buger  law  arise,  as  paragraph  1  implies,  when  the  optical 
diameter  of  the  objective  of  the  receiving  collimater  is  in¬ 
creased  and  the  optical  diameter  of  the  light  beam  remains 
constant. 


The  measurement  results  from  the  model  medium  plotted 
in  Fig*  9  allows  us  to  draw  a  number  of  conclusions 
about  the  applicability  of  the  Buger  law  to  the  description 
of  the  attenuation  of  narrow  collimated  light  beams  in  various 
atmospheric  aerosols.  The  optical  diameters  of  these  beams  in 
the  optically  most  dense  aerosols,  clouds  and  nebulae  at  a 
meteorological  visibility  range  -  50  a  and  geometrical 

diameter  of  the  beam  d  -  0.4  cm  in  the  visible  region  of  the 
spectrum  do  not  exceed  the  minimus  values  of  A  obtained  from 
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the  studies  which  are  plotted  in  Fig.  9.9.  In  fact,  the 
attenuation  coefficient  in  the  case  under  consideration  (see 
Chap.  7)  is  approximately  equal  to  8*10"4cm-1;  therefore, 
when  d  =  0.4  cm,  A  *  0.0003.  Clouds  and  nebulae  on  one  hand 
and  on  the  other  hand  the  weak  solution  of  milk  in  distilled 
water;  do  not  differ  much  in  their  microphysical  and  optical 
characteristics.  Therefore,  the  results  which  are  plotted  in 
Fig.  9.9  can  be  used  to  analyze  approximately  the  limits  of 
applicability  of  the  Buger  law  to  the  description  of  the  damping 
of  a  collimated  beam  in  clouds* and  nebulae.  Keeping  is  mind 
the  fact  that  in  a  dense  cloud  or  nebula  (S„  *  50  m)  the 
quantity  A  is  considerably  smaller  than  itsMminimum  value  in 
Fig.  9.6  when  d  -  0.4  cm,  we  can  say  with  assurance  that  the 
limits  of  applicability  of  the  Buger  law  lie  in  this  case  be¬ 
yond  the  limiting  value  t  =  25.  This  statement  agrees  fully 
with  the  experimental  data  [660]  which  we  obtained  during 
measurements  in  artificial  water  nebulae.  It  can  be  expected 
that  the  aforementioned  limit  will  also  hold  when  the  geometric 
diameter  of  the  beam  is  equal  to  100  cm  since  in  this  case 
A  -  0.08. 

The  optical  diameters  of  beams  propagated  through  mists, 
precipitation,  dry  aerosols,  have,  as  a  rule,  smaller  values 
than  those  in  clouds  and  nebulae.  Therefore,  the  Buger  law 
can  describe  the  measured  attenuation  of  collimated  light  beams 
when  the  divergence  and  diameter  of  the  beam  do  not  exceed 
6'  and  100  cm  and  the  angular  aperture  of  the  receiver  is  equal 
to  the  beam  divergence  in  all  atmospheric  aerosols  when  the 
value  of  the  optical  layer  t  is  25  or  greater  in  the  visible 
region  of  the  spectrum.  We  note  that  the  most  sensitive  radia¬ 
tion  receivers  in  the  visible  region  record  the  radiation  which 
passes  through  a  medium  layer  with  tss30--35,v  if  the  density 

of  the  energy  on  the  layer  is  equal  to  10^  w.  The  result 

which  was  obtained  can  also  be  extended  to  the  infrared  region 
of  the  spectrum  which  differs  from  the  visible  region  by  the 
relatively  smaller  values  of  the  parameter  p  and  the  large 
(illegible) . 

3.  Brightness  of  the  Radiation  which  is  Scattered  Back 

A  knowledge  of  the  brightness  of  the  radiation  scattered 
back  is  very  important  for  the  solution  of  many  applied 
problems,  for  example,  when  narrow  collimated  light  beams  are 
used  for  range  and  distance  finding  purposes  in  the  scattering 
media  in  order  to  determine  the  aerosol  transparency  component 
of  these  media  and  to  find  the  albedo  of  various  surfaces 
and  in  the  solution  of  a  number  of  other  problems.  In  this 
section  we  will  briefly  discuss  the  results  of  the  theoretical 
and  experimental  studies  of  back  scattering  in  the  atmosphere 


-386- 


which  were  obtained  recently. 

f  1.  Theoretical  Studies.  The  calculation  of  the  albedo 

|  of  clouds  at  various  zenith  distances  of  the  sun  by  solving 

|  numerically  the  transfer  equation  was  carried  out  by  E.  M. 

|  Feygel'son  [652].  On  the  basis  of  the  fact  that  the  albedo  of 

f  the  clouds  depends  little  on  the  zenith  distance  of  the  sun, 

;  the  author  of  [652]  concludes  that  the  radiation  scattered 

I  back  depends  little  on  the  scattering  angle.  The  dependence 

!  of  the  albedo  of  clouds  on  their  optical  layer  t  turns  out  to 

be  more  important,  and  the  growth  of  the  albedo  with  t  slows 
down  when  the  optical  layers  are  lhrge  and  approach  "satura¬ 
tion.”  Thus,  the  value  of  the  brightness  of  the  radiation  scat¬ 
tered  back  is  determined  by  some  finite  scattering  layer. 

The  optical  thickness  of  this  effective  layer  decreases,  as 
L.  M.  Romanova  has  shown, in  the  presence  of  absorption  in  the 
medium.  The  albedo  of  clouds  was  calculated  for  various  zenith 
>  distances  of  the  sun  in  the  infrared  region  in  the  1.9  -  4.3  p 

range  in  the  work  of  Bortki  [679]. 

Articles  [680  -  682]  contain  the  calculated  data  for  the 
intensity  of  the  radiation  scattered  back  which  are  needed 
in  order  to  determine  the  aerosol  component  of  the  transparent 
atmosphere.  The  amount  of  light  scattered  back  by  an 
aerosol  layer  turns  out  to  be  proportional  to  the  degree  of 
atmospheric  turbidity.  The  calculations  were  carried  out  for 
various  models  of  mists  and  nebulae.  K.  S.  Shifrin  and  I.  L. 
Zel’manovich  [683]  calculated  in  detail  the  quantities 
(illegible) . 

Some  of  the  data  obtained  was  discussed  by  us  in  paragraph  5 
in  which  we  present  the  results  of  studies  dealing  with  the 
propagation  of  light  pulses  in  scattering  and  absorbing  media. 

2.  Experimental  Studies.  Experimental  studies  of  the 
brightness  of  light  scattered  back  for  various  scattering 
media  irradiated  by  narrow  collimating  beams  were  carried  out 
in  our  laboratory  [660,  686].  These  studies  were  necessitated 
by  the  paucity  of  both  the  corresponding  theoretical  and  ex¬ 
perimental  data  about  back  scattering  by  atmospheric 
aerosols . 

;  Optical  quantum  generators  were  used  for  the  measurements 

i  at  wavelengths  0,63  u- (helium-neon  laser,  continuous  operating 

i  mode),  0.69  p  (pulsed  ruby  laser)  and  1.06  p  (pulsed  laser 

t  based  on  glass  with  neodymium) .  The  measurements  at  wavelengths 

|  0.63  and  0.69  p  were  made  in  artifical  nebulae  and  mists  and  at 

wavelength  1.06  p  under  natural  conditions  in  the  presence  of 
\  mists  and  snowfall. 
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The  results  of  the  measurements  of  the  brightness  of  the 
radiation  from  a  gas  laser  scattered  at  an  angle  of  171°31' 

(X  -  0.63  (i,  beam  diameter  1  cm,  divergence  6')  in  artificial 
nebulae,  are  plotted  in  Fig.  9.10  for  various  optical  layers 
(crosses) .  The  measured  values  of  the  total  brightness  of 
radiation  scattered  forward  and  back  (circles)  are  also 
plotted  in  the  same  figure  which  were  obtained  using  the 
circuits:  .source-rotary  mirror — receiver  (the  rotary  angle 
of  the  beam  was  8°30 ’ ) .  When  the  brightness  of  the  radiation 
scattered  at  an  angle  of  171°30'  was  measured,  the  rotary 
mirror  was  closed. 

If  the  original  background  of  the  source  is  eliminated 
from  the  measurement  results; we  can  see  that  when  the  optical 
layer  increases  from  0  to  1  the  brightness  of  the  light  which 
is  scattered  back  increases  and  reaches  a  maximum  and  then 
first  decreases  relatively  fast  and  later  slowly  as  r  in¬ 
creases.  When  t>8  it  remains  practically  constant  and  reaches* 
a  value  which  is  equal  to  the  brightness  of  the  direct  beam 
when-  V  se  23. 


Fig.  9.10.  Total  brightness  of  the  radiation  scattered 
forward  and  back  vs  the  optical  layer  of  clouds 
(circles)  and  the  brightness  of  radiation  scattered 
back. (crosses) 

Straight  lines  characterize  the  decrease  in  the  bright¬ 
ness  of  the  direct  radiation  beam  and  the  initial  radia¬ 
tion  background  of  the  source  in  accordance  with  the 
Buger  law 


-388- 


■w 


Ty,'s£.*l3X 


«**• 


6 


The  measurements  of  the  brightness  of  the  radiation  from 
a  gas  laser  scattered  by  ligneous  smoke  at  an  angle  of  j 

171  °30*  have  shown  that  its  values  coincide  with  th’e  values  | 

obtained  in  clouds  when  t>20.  For  smaller  values  of  t  the  j 

brightness  of  the  light  scattered  back  by  the  clouds  is  I 

smaller  than  that  scattered  by  mists,  j 

Figure  9.11  gives  the  measurement  results  for  the  bright¬ 
ness  of  laser  radiation  with  wavelength  0.63  n  scattered  at  i 

an  angle  of  172°  by  clouds  and  mists.  The  measurements  were 
carried  out  without  using  a  rotary  mirror  with  a  beam  of 
diameter  0.4  cm  with  a  divergence  of  6',  The  optical  axes 
of  the  receiver  and  source  intersected  at  an  angle  of  8°. 

The  values  of  the  optical  layer  t  which  were  plotted  in  the 
figure  refer  to  the  scattering  layer  from  the  source  to  the 
receiver.  The  brightness  values  are  scaled  down  to  the  initial 
brightness  of  the  direct  beam.  Each  point  in  the  diagram  is 
obtained  by  averaging  the  results  obtained  from  5-10  measure¬ 
ments  . 


Fig.  9.11.  Variation  in  the  brightness  of  laser  radiation 
scattered  at  an  angle  of  172°,  X  -  0.62  |i  by  nebulae 
(1)  and  ligneous  smoke  (2) 


It  can  be  seen  from  Fig.  9.11  that  the  absolute  values 
of  the  brightness  of  the  light  scattered  at  an  angle  of 
172°  in  nebulae  and  mists  in  the  optical  layer  interval  con¬ 
sidered  are  on  the  order  of  magnitude  of  ''dO-8  _io-9  of  the 
initial  brightness  of  the  direct  beam. 

The  measurements  of  the  backward  scattering  in  mists  and 
snowfall  were  made  using  a  pulsed  laser  based  on  glass 
with  neodymium  (X  -  1.06  p)  and  made  it  possible  to  obtain  certain 
preliminary  estimates  for  the  backward  scattering  values.  In 
the  presence  of  mists  characterized  by  the  meteorological 
visibility  range  -  3  -  7  km,  the  brightness  of  the  back. 
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scattering  is  on  the  order  of  magnitude  of  10“*®  of  the  initial 
brightness  of  the  direct  beam.  The  occurrence  of  snowfall  does 
not  practically  change  the  brightness  of  the  back  scattering 
of  radiation  from  lasers  with  wavelenths  1.06  p. 

4.  Polarization  Characteristics  of  the  Scattered  Radiation 

The  polarized  state  of  the  radiation  scattered  at  various 
angles  is  very  important  in  the  solution  of  many  applied 
problems  connected  with  the  transmission  of  information  with 
the  aid  of  a  narrow  radiation  beam.  In  fact,  if  the  scattering 
layer  of  the  medium  is  irradiated  by  linear  polarized 
(illegible) 

The  theoretical  discussion  of  the  problem  of  the  polarized 
state  of  the  scattered  radiation  based  on  solving  the  general  trans¬ 
fer  equation  is  an  extremely  complex  problem.  The  solution  of 
the  transfer  equation  without  taking  into  account  the  polarized 
characteristics  of  the  incident  and  scattering  field,  as  we 
already  have  noted, has  so  far  not  yet  been  obtained  for  narrow 
collimated  beams.  In  this  respect  the  information  about  the 
polarized  state  of  the  scattered  radiation  which  is  needed  to 
solve  many  problems  is  obtained  from  the  experiment.  However, 
even  the  experimental  investigations  mainly  deal  with  the  study 
of  the  polarized  characteristics  of  the  scattered  radiation 
in  an  elementary  volume  [506,  507,  688]  or  in.  wide  beams  and 
large  optical  layers  of  scattering  media  [672,  689  -  691]. 

New  possibilities  of  studying  experimentally  the  polarized 
characteristics  of  the  scattered  field  during  the  propagation 
of  narrow  collimated  light  beams  in  the  scattering  media  are 
offered  by  using  for  the  radiation  sources  optical  quantum 
generators  with  linear  polarized  radiation.  The  problems  with 
the  highest  priority  are  the  study  of  the  polarized  state  of 
the  radiation  scattered  forward  and  back  at  small  angles 
in  various  scattering  media.  An  attempt  to  carry  out  a  study 
of  this  type  was  made  in  our  laboratory  [692], 

Measurements  of  the  polarized  characteristics  of  the 
scattered  radiation  were  carried, out  for  the  angles  1°30’ 

(forward  direction)  and  1720  (back).  The  quantities 
treasured  were  the  intensity  of  the  light  I.  with  the  vector 
E  in  the  scattering  plane  and  the  light  intensity  I2  with 

the  vector  E  perpendicular  to  the  scattering  plane.  The  ratio 
A  -  I]/^  characterizes  the  radiation  depolarization.  The 

values  of  the  quantity  A  make  it  possible  to  determine  the 
polarization  degree  of  the  scattered  light 
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(Illegible) 

The  quantities  1^  and  Ig  are  reduced  to  the  original  intensity 

of  the  direct  beam  radiation  which  falls  on  the  scattering  layer 
It  can  be  seen  from  tho  figures  that  the  relation  between  the 
polarization  degree  of  the  radiation  scatterd  forward  and  the 
optical  layer  t  in  the  range  of  values  of  t  considered  can  be 
approximated  by  the  straight  line 


p(T)  =  po-Ar1 


(9.22) 


where  pQ  and  k  are  empirical  parameters,  the  values  of  which 

depend  on  the  properties  of  the  scattering  medium,  which  vary 
little  when  the  divergence  angle  of  the  source  varies  between 
the  limits  40”  to  6’. 


Fig.  9.12.  The  dependence  on  the  optical  layer  of  the 
nebula:  1)  of  the  intensity  of  the  light  scattered 
forward  with  the  vector  E  in  the  scattering  plane, 

2)  the  intensity  of  the  light  scattered  back  with 
the  vector  E  in  the  plane  perpendicular  to  the  scat¬ 
tering  plane,  3)  the  intensity  of  the  radiation  scattered 
back  calculated  in  accordance  with  single-scattering 
theory,  4)  polarization  degrees  of  the  radiation  scattered 
back. 


(Illegible) 

Extrapolating  the  linear  relation  (9.22)  to  the  value  zero  of 
t  gives  a  value  p  which  is  smaller  than  that  in  the  source. 
(The  polarization  degree  of  the  radiation  from  the  source  ac¬ 
cording  to  the  measurements  which  were  made  was  greater  than 


-391- 


0.99).  This  means  that  in  the  range  of  small  t  the  relation 
between  p  and  t  cannot  be  linear. 


I 

! 

! 


\ 


Fig.  9.13.  The  dependence  on  the  optical  layer  of  ligneous 
smoke  of:  1)  the  intensity  of  the  light  scattered 
back  with  the  vector  E  in  the  scattering  plane,  2)  the 
intensity  of  the  light  scattered  back  with  the 
vector  E  in  the  plane  perpendicular  to  the  scattering 
plane,  3)  the  intensity  of  the  light  scattered  bach 
calculated  according  to  single  scattering  theory,  4) 
the  degree  of  polarization  of  the  radiation  scattered 
back 


Figure  9.14  gives  the  results  of  measurements  of  the  in¬ 
tensities  I1  and  I2  of  the  radiation  scattered  forward  in 

nebulae  and  mists  under  the  angle  1°30'  for  various  optical 
layers.  As  was  to  be  expected  the  value  of  the  sum  1^  +  Ig 

during  the  measurements  in  the  nebula  within  the  range  of 
measurement  errors  did  not  differ  from  the  value  1^,  which 

indicates  that  the  radiation  scattered  forward  is  not 
depolarized.  The  value  of  1^,  as  can  be  seen  from  the  figure, 

is  larger  than  In  by  2.5  orders  of  magnitude.  Thus,  radiation 
depolarization  practically  does  not  occur  during  forward 
scattering  under  small  angles  (illegible) . 
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Fig.  9.14.  The  total  intensity  1^  +  I2  (triangles)  and  the 

intensity  1^  (circles)  of  the  radiation  scattered  forward 

in  nebulae  vs  the  optical  layer  (curve  1)  and  the  intensities 
(curve  2) ,  I2 


I-,  (curve  2) ,  I9  (curve  3)  and  vs  t  in  ligneous  smoke 


Solid  and  dotted  curves  are  calculated  using  the  formula 
from  single  scattering  theory 


These  describe  satisfactorily  the  measurement  results  in  the 
range  of  values  of  the  optical  layer  t^12. 

5.  Propagation  Of  A  Directed  Radiation  Pulse  In  The 
Scattering  And  Absorbing  Medium 

The  design  and  practical  use  of  pulsed  lasers  with 
pulses  of  small  duration  in  range  finding  system^  distance 
measuring  systems  and  other  devices  designed  to  operate  in 
the  atmosphere  requires  that  the  laws  which  govern  the  non¬ 
stationary  scattering  of  light  in  media  with  various  survival 
probabilities  of  the  photon  be  studied.  The  last  quantity  can 
vary  considerably  in  the  atmosphere  depending  on  the  wavelength 
at  which  the  pulse  is  generated. 

One  of  the  most  important  problems  in  the  nonstationary 
scattering  of  the  radiation  is  the  study  of  the  space-time 
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variation  of  the  pulse  shape  during  propagation  at  various  op¬ 
tical  depths  of  the  absorbing  and  scattering  medium.  First 
it  is  necessary  to  know  the  change  in  the  shape  of  an  infinitely 
short  pulse  since  any  pulse  can  be  represented  in  the  form  of 
a  set  of  pulses  of  infinitely  short  duration. 

Detailed  calculations  of  the  deformation  of  an  instantaneous 
pulse  propagated  in  various  scattering  media  were  carried  out 
in  article  1836]  using  the  Monte  Carlo  method.  We  will  discuss 
some  of  the  results  which  were  obtained. 

The  calculation  of  the  distribution  of  photons  recorded 
by  the  receiver  with  diameter  D„  =■  15  cm  over  the  paths  when  a 
water  cloud  6  was  irradiated  by  a  pulse  from  a  source  with 
diameter  -  8  mm  with  divergence  angle  6  -  30'  was  carried 

out  for  the  radiation  wavelengths  0.45  and  0.7  p.  The  wave¬ 
lengths  were  selected  on  the  basis  of  the  available  data  for 
the  scattering  coefficients  and  indicatrix  of  the  water  clouds 
[517].  The  measure  of  the  pulse  diffusion  adopted  was  the 
dimensionless  run  of  the  photons  t  -  t'  cc,  where  t’  is  the 
actual  v.ime  of  the  run,  t'  -  1/c,  1  is  the  path  of  the  run, 
c  is  th*>  velocity  of  light,  o  -  0.016525  m_1  is  the  attenuation 
coefficient.  The  parameter  t  is  interpreted  as  the  optical 
layer  through  which  the  photon  passes  along  the  path  from  the 
source  to  the  receiver.  The  calculations  were  carried  out  for 
values  of  the  optical  layer  equal  to  t  -  1.0,  2.0,  5.0,  10.0. 

When  the  relation  between  the  intensity  of  the  radiation  which 
was  scattered  forward  several  times  and  the  angle  at  which 
this  radiation  was  incident  to  the  receiver  were  constructed, 
the  parameter  t  was  varied  with  step  0.05  for  t  -  1.0,  2.0,  5.0 
and  with  step  0.1  for  t  -  10.  For  example,  for  t  -  5.0  the  parameter 
t  took  on  the  values  t  -  5.0,  5.05,  5.1,  etc.  We  note  that  the 
parameter  step  At  -  0.05  correspond  approximately  for  the  value 
a  -  0.016525  m”1  to  a  time  which  is  equal  to  10  nsec.  The 
values  of  the  arrival  angles  of  the  photons  at  the  receiving 
area  of  the  radiation  detector  which  were  selected  were  equal 
to  0O,  0.5°,  1°,  2°,  5°,  10°,  15°,  20°  (10°)  90°. 

The  calculated  results  were  plotted  as  graphs  in  the  form 
of  a  family  of  curves  which  reconstruct  the  complete  picture 
of  the  angular  and  time  distribution  of  the  photon  flux  for 
given  values  of  the  parameters  of  the  source  and  receiver,  the 
optical  layer  and  the  radiation  wavelength.  The  calculated 
values  which  were  obtained  for  t  «  5.0,  X  -  0.7  p  are  illustra¬ 
ted  in  Fig.  9.15.  The  angles  at  which  the  photon  arrives 
to  the  area  of  the  receiver  is  plotted  on  the  abscissa  (the 
angle  is  measured  from  the  normal  to  the  area)  and  on  the 
ordinate  the  radiation  intensity  is  plotted  on  a  logarithmic 
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scale.  Curve  1  characterizes  the  angular  distribution  of  the 
photon  flux  which  passes  through  paths  which  are  equivalent  to 
values  of  r  in  the  interval  froa  5.0  to  5.05.  In  other  words 
this  curve  determines  the  proportion  of  photons  which  arrived 
at  the  receiving  area  of  the  indicator  with  a  tiae  lag  not  ex¬ 
ceeding  10  nsec.  Curves  2,  3  and  4  refer  to  photons  with  tiae 
lags  froa  10  to  20,  froa  20  to  30  and  froa  30  to  40  nsec. 


Fig.  9.15.  Results  of  calculations  of  the  angular  distri¬ 
bution  of  the  photon  flux  in  the  area  of  the  receiver 
with  diameter  ISO  mi  during  the  propagation  of  a  light 
beam  with  8  aa  diaaeter  and  divergence  angle  30',  wave¬ 
length  0.7  u  in  a  water  cloud  with  the  optical  layer 
t  -  5.0. 

Curves  1-4  were  constructed  for  values  of  the  parameter 
t  which  differed  successively  by  the  aaounts  At  -  0.05m  10  nsec 

Figure  9.16  shows  soae  of  the  results  obtained  from  the 
calculation*  of  the  angular  distribution  of  photon  fluxes  when 
the  scattering  medium  studied  is  a  mist  with  an  ionic  distribu¬ 
tion  of  the  particles  by  dimension  (the  parameter  0*4)  when 
t  *  2.0.  The  data  for  the  scattering  indicatrix  when  the  value 
of  the  refractive  index  is  n  -  1.50  were  taken  froa  article  [572]. 

The  attenuation  coefficient  was  assumed  to  be  equal  to 
o  -  0.00010555  a*1.  The  angular  and  time  characteristics  of 
the  photon  distribution  with  various  scattering  multiplicity 
were  also  studied  in  [843]  for  cases  when  the  optical  layer  of 
the  water  cloud  between  the  source  and  receiver  twkes  on  the 


-395- 


scale.  Curve  1  characterizes  the  angular  distribution  of  the 
photon  flux  which  passes  through  paths  which  are  equivalent  to 
values  of  r  in  the  interval  from  5.0  to  5.05.  In  other  words 
this  curve  determines  the  proportion  of  photons  which  arrived 
at  the  receiving  area  of  the  Indicator  with  a  time  lag  not  ex¬ 
ceeding  10  nsec.  Curves  2,  3  and  4  refer  to  photons  with  time 
lags  from  10  to  20,  from  20  to  30  and  from  30  to  40  nsec. 


Fig.  9.15.  Results  of  calculations  of  the  angular  distri¬ 
bution  of  the  photon  flux  in  the  area  of  the  receiver 
with  diameter  150  mm  during  the  propagation  of  a  light 
beam  with  8  mm  diameter  and  divergence  angle  30',  wave¬ 
length  0.7  n  in  a  water  cloud  with  the  optical  layer 
t  -  5.0. 

Curves  1-4  were  constructed  for  values  of  the  parameter 
t  which  differed  successively  by  the  amounts  At  -  0.05»  10  nsec 


Figure  9.16  shows  some  of  the  results  obtained  from  the 
calculation*  of  the  angular  distribution  of  photon  fluxes  when 
the  scattering  medium  studied  is  a  mist  with  an  ionic  distribu¬ 
tion  of  the  particles  by  dimension  (the  parameter  {3  -  4)  when 
t  -  2,0,  The  data  for  the  scattering  indicatrix  when  the  value 
of  the  refractive  index  is  n  *  1.50  were  taken  from  article  [572]. 
The  attenuation  coefficient  was  assumed  to  be  equal  to 
o  -  0.00010555  m-1.  The  angular  and  time  characteristics  of 
the  photon  distribution  with  various  scattering  multiplicity 
were  also  studied  in  [843]  for  cases  when  the  optical  layer  of 
the  water  cloud  between  the  source  and  receiver  ti.kes  on  the 


values  t  -  1.0,  3.0,  5.0  and  10.0.  The  indicatrix  and  the 
scattering  coefficients  were  taken  from  article  [517].  The 
calculations  were  made  for  values  of  the  source  and  receiver 
diameters  equal  to  4  and  150  mm,  and  the  divergence  angle  of 
the  source  equal  to  30*. 


Key :  a .  degrees 


Fig.  9.16.  Results  of  calculations  of  the  angular  distri¬ 
bution  of  the  photon  flux  in  the  plane  of  the  receiver 
with  diameter  150  mm  during  the  propagation  of  a  light 
beam  with  8  mm  diameter  and  divergence  angle  30'  in 
mist  with  t  »  2.0  when  the  value  of  the  refractive  index 
of  the  particles  is  n  -  1.5 

Curves  1-7  differ  from  one  another  successively  in  the 
value  of  the  parameter  t  by  the  amount  0.05  or,  approxi¬ 
mately,  by  1.56  msec 


The  curves  showing  the  relation  between  the  radiation  in¬ 
tensity  and  the  time  caused  by  photons  with  various  scattering 
multiplicities  for  the  values  t  -  1.0  and  30.0  and  wavelength 
X  «  0.7  p  are  plotted  in  Figs.  9.17  and  9.18.  It  can  be  seen 
clearly  from  the  figures  that  the  roles  of  the  various  scat¬ 
tering  multiplicities  in  the  deformation  of  the  instantaneous 
light  pulse  are  redistributed  when  the  optical  layer  varies 
from  1.0  to  10.0. 
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pulse  was  scattered  isotropically. 

The  calculations  have  shown  that  the  signal  which  is  re¬ 
flected  fro*  the  scattering  medium  is  formed  when  the  latter, 
is  irradiated  by  a  6  pulse,  the  most  important  role  is  played 
by  the  bounded  layer  of  the  medium  which  is  adjacent  to  the 
radiation  source. 


Fig.  9.18.  Calculation  results  for  the  radiation  in¬ 
tensity  time  curve  caused  by  photons  with  various 
scattering  multiplicities  for  the  wavelength  0.7  p 
and  the  value  t  -  10.0  in  a  water  cloud 

The  diameters  of  the  source  and  receiver  are  equal  to 
4  and  150  mm.  Curves  1,  2,  ...,  8  correspond  to  1,  2, 
...,  8  scattering  multiplicities,  curve  M  to  all  multi¬ 
plicities  greater  than  8 


In  article  [842]  the  nonstationary  transfer  equation  was 
formulated  and  solved  approximately  for  the  single  and  double 
scattering  of  a  narrow  collimated  beam.  In  the  calculations 
a  spherical  scattering  indicatrix  was  used.  The  solutions 
of  the  equation  are  valid  for  media  in  which  the  photon  survival 
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probability  is  less  than  0.8  (the  absorption  coefficient  of 
the  medium  is  one-fourth  of  the  scattering  coefficient) . 
Calculations  have  shown  that  the  distortion  of  the  rectangular 
pulse  when  it  passes  Inrough  the  medium  layer  is  mainly  caused 
by  double  scattering  and  depends,  to  a  considerable  extent, 
on  the  ratio  of  the  duration  of  the  incident  pulse  on  the  layer 
to  the  aperture  of  the  receiver.  The  shape  of  the  front  of 
the  reflected  pulse  is  determined  both  by  the  single  and  double 
scattered  radiation. 


I gfi'tO1) 
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Fig.  9.19.  Results  of  calculations  of  back  scattering  6 
of  a  radiation  pulse  from  a  cloudy  medium 

Curve  1 — the  source  and  receiver  are  combined.  Curves 
2,  3,  4,  5 — the  receiver  is  at  various  distances  from 
the  source 


Key:  a.  degrees 
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The  reflection  of  a  short  pulse  from  an  infinite  layer 
of  the  medium  with  a  scattering  indicatrix  which  is  sharply 
elongated  forward  (which  is  more  characteristic  of  the  condi¬ 
tions  in  the  atmosphere  than  in  the  previous  case)  is  discussed 
in  the  studies  of  A.  B.  Ivanov  and  I.  A.  Katsev  [840,  841]. 

The  scattering  indicatrix  is  given  in  the  form  of  the  ratio 
of  the  radiation  flux  scattered  forward  by  an  elementary  volume 
to  the  sum  of  the  fluxes  scattered  forward  and  backward.  The 
results  of  the  calculations  have  shown  that  the  larger  the 
survival  probabilities  of  the  photon  and  the  more  the  scattering 
indicatrix  1$  elongated  forward,  the  larger  the  duration  of 
the  reflected  pulse.  At  the  same  time  the  duration  of  the  re¬ 
flected  pulse  .is  Inversely  proportional  to  the  attenuation 
index  o£  the  medium. 


Experimental  studies  dealing  with  the  propagation  of 
pulses  of  small  duration  in  various  scattering  media  are  still 
in  the  stage  of  obtaining  the  first  results. 

An  attempt  is  made  in  article  [852]  to  find  a  relation 
between  the  transparent,  atmosphere  and  the  parameters  of  the 
pulse  signal  reflected  from  it.  During  measurements  in  natural 
nebulae  it  was  discovered  that  the  duration  and  lag  of  the  pulse 
reflected  in  the  medium  depend  on  the  value  of  the  attenuation 
coefficient  a.  As  a  increases  from  0.001  to  0.01  m  ,  the 
duration  of  the  reflected  pulse  varies  from  2  -  3  to  0.5  msec. 

The  deformation  of  the  radiation  pulse  of  a  semiconductor 
laser  based  on  gallium  arsenide  was  studied  experimentally  in 
the  author's  laboratory  (wavelength  0.84  p)  during  reflection 
from  artificial  water  clouds  and  mists  [852].  The  duration 
of  the  original  pulse  on  the  0.5  level  by  amplitude  was  equal 
to  8  nsec.  The  attenuation  coefficients  of  the  medium  varied 
from  0.02  to  1.0  m“*.  The  receiver  and  source  of  the  radia¬ 
tion  were  located  in  such  a  way  that  their  optical  axes  inter¬ 
sected  inside  the  sphere  investigated  at  an  angle  of  1°  at  a 
distance  of  7  m  from  the  front  boundary. 

Some  results  obtained  from  the  studies  of  the  pulse 
deformation  reflected  from  clouds  with  various  densities  are 
plotted  in  Fig.  9.20.  The  vertical  lines  in  the  diagram  are 
spaced  10  nsec  from  one  another.  The  pulse  from  the  source 
is  shifted  to  the  right  by  50  nsec  from  its  true  position 
and  its  amplitude  is  reduced  105  times. 

It  can  be  seen  from  the  figure  that  when  the  attenuation 
coefficient  decreases  or,  equivalently,  when  the  optical 
density  of  the  medium  decreases,  the  duration  of  the  forward 
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front  of  the  reflected  pulse  increases  and  its  curvature  de¬ 
creases  . 
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Fig.  9.20.  Oscillograws  of  radiation  pulses  reflected 
from  cioud  layers  with  various  values  of  the  attenuation 
coefficients:  a)  radiation  pulse  from  the  source,  b) 

a  "  1A5«?"1»ic)  ?  "  °*84  a"1*,*)  a  -  0.43  »“l,  e) 
a  -  0.25  nr1,  f)  a  -  0.13  *-1,  g)  a  0.08  nrl 


At  the  sane  time  the  duration  of  the  rear  front  of  the 
reflected  pulse  also  first  increases  and  then  begins  to  decrease. 


-AM 


The  latter  is  caused  by  the  effect  of  the  rear  boundary  of 
the  scattering  medium.  The  sharp  pulse  in  the  right  lower 
part  of  the  oscillogram  is  caused  by  the  reflection  of  the 
radiation  from  the  rear  wall  of  the  chamber  in  which  the  measure 
ments  were  made. 


Fig.  9.21.  The  duration  of  the  pulses  reflected  from 
nebulae  and  mists  vs  the  attenuation  coefficients 

Key:  a.  nsec 
b.  nr1 


Fig.  9.22.  The  lag  in  the  pulses  reflected  from 
nebulae  and  mists  vs  the  attenuation  coefficients 

Key:  a.  m~l 


Figure  9.21  gives  the  relation  between  the  duration  of 
the  oulses  reflected  from  nebula  (top  curve)  and  mists  (bottom 
curved  and  the  value  of  the  attenuation  coefficient.  As  seen 
from  the  diagram  in  both  cases  the  duration  of  the  reflected 
pulses  decreases  as  the  attenuation  coefficient  increases  and 
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tends  to  the  duration  of  the  pulse  from  the  source.  This 
is  related  to  the  fact  that  the  reflected  signal  is  primarily 
formed  in  layers  in  the  immediate  vicinity  of  the  source.  The 
length  of  these  layers  decreases  as  the  density  of  the  medium 
Increases.  Equal  durations  of  the  pulses  reflected  from  nebulae 
and  mists  for  the  same  values  of  a  are  apparently  brought  on 
)  by  the  corresponding  difference  in  the  scattering  indicatrices 

j  of  these  media. 

\ 

The  pulse  delays  t  of  pulses  reflected  by  nebula  1  and 

n 

mists  2  vs  the  values  of  the  attenuation  coefficient  are 
plotted  in  Fig.  9.22.  Ve  note  that  by  a  pulse  delay  we  mean 
the  time  interval  between  the  time  when  the  pulse  was  dis¬ 
patched  and  the  maximum  value  of  the  signal  which  was  received. 

It  can  be  seen  from  the  figure  that  for  nebulae  the  quantity 

t  decreases  faster  when  a  increases  than  in  the  case  of  mists, 
m 

For  values  a>0.5  m"1  the  difference  in  the  values  t„  for 

111 

nebulae  and  mists  vanishes  for  all  practical  purposes.  The 

following  qualitative  explanation  for  the  different  relation 

between  t  and  small  a  in  nebulae  and  mists  can  be  given.  When 
m  ,  t 

the  optical  densities  of  the  medium  are  small,  the  principal 

role  in  the  formation  of  the  reflected  signal  is  played  by 

small  scattering  multiplicities  when  the  difference  in  the 

scattering  indicatrices  of  the  media  has  an  important  effect 

on  the  formation  of  this  signal.  The  pulse  reflected  in 

nebulae  is  formed  from  more  distant  layers  than  in  the  case  of 

mists . 

In  conclusion  we  note  that  the  results  of  the  experimental 
studies  of  the  deformation  of  a  pulse  reflected  from  nebulae 
which  were  described  were  also  obtained  computationally, 
using  the  Monte  Carlo  method  [835].  The  calculated  and  ex¬ 
perimental  data  were  in  satisfactory  agreement,  which  again 
confirms  the  effectiveness  of  the  Monte  Carlo  method  when  it 
is  used  to  investigate  the  laws  which  govern  the  propagation 
of  spatially  bounded  light  beams  in  scattering  and  absorbing 
media. 

10.  Nonlinear.  Effects  Which  Accompany  the  Propagation  of 
Powerful  Light  Radiation  in  the  Atmosphere 

During  the  propagation  in  the  atmosphere  of  optical 
radiation  of  giant  power  which  is  attained  during  the  operation 
of  individual  pulsed  lasers  in  the  modulated  "gooduess"  mode 
in  the  great  energy  of  many  lasers  in  the  free  generation  pulses 
and  during  operation  in  the  continuous  mode  there  arises  a  series 
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of  nonlinear  effects  which  accompany  the  propagation  of  this 
radiation  in  the  atmosphere. 

The  presence  of  the  effect  mentioned  above  is  first  of 
all  responsible  for  the  inapplicability  of  the  Buger  law  to 
the  description  of  the  damped  radiation  due  both  to  molecular 
absorption  by  gaseous  components  in  the  atmosphere  and  due 
to  the  scattering  by  aerosol  particles. 

When  the  power  and  energy  of  the  optical  radiation  are 
large,  the  other  laws  which  govern  the  propagation  of  optical 
waves  described  in  the  preceding  chapters  of  the  monograph 
are  also  inapplicable. 

In  this  chapter  we  will  discuss  some  multiphoton  effects 
which  do  not  require  that  interference  phenomena  be  taken  into 
account  (multiphoton  ionization,  dissociation,  leading  to  a 
breakdown  in  the  pure  air  layer) ,  the  spectroscopic  saturation 
effect  which  causes  the  partial  brightness  of  the  absorbing 
dark  layer,  the  self-focus'ing  effect  of  the  beam  caused  by 
the  nonlinear  relation  for  the  refractive  index  of  the  medium 
irradiated  by  a  powerful  radiation  flux,  and  the  vaporization 
effects  of  aerosol  particles  under  the  action  of  pulse  and 
continuous  radiation  sources  of  great  power  and  energy. 


|  1.  Probability  of  Multiphoton  Processes 

|  A  relatively  large  number  of  papers  are  devoted  to  the 

<  theoretical  investigation  of  multiphoton  processes.  The 

|  reader  can  find  an  analysis*  of  these  papers  and  a  detailed 

|  bibliography  in  the  surveys  [857-860].  In  [857]  papers  are 

discussed  in  which  the  usual  variant  from  perturbation  theory 
i  is  applied  to  the  description  of  multiphoton  processes  induced 

by  the  corresponding  interaction  of  the  radiation  field  with 
j  the  substance.  The  processes  which  are  discussed  in  greatest 

l  detail  in  [857]  are  two  photon  processes,  in  particular  light 

1  resonance  scattering  by  atoms. 

|  To  describe  multiphoton  processes,  the  formalism  of 

}  scattering  theory  was  used  in  article  [858],  The  probabilities 

of  these  processes  were  calculated  with  the  aid  of  the  diagram 
technique  used  in  perturbation  theory. 

Multiphoton  transitions  in  the  optical  wavelength  band 
are  discussed  in  survey  [859].  The  work  dealing  with  multiphoton 
ionization  in  inertial  gases  is  analyzed  in  detail. 
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In  article  [860 ]  breakdown  in  gases,  the  multiquantum 
photo  effect  and  a  number  of  allied  problems  are  discussed. 

In  this  chapter  we  discuss  the  problem  of  multiphoton 
processes  during  the  propagation  of  powerful  optical  radiation 
following  a  procedure  developed  by  S.  D.  Tvorogov  and  L.  I. 
Nesmelova  [696],  During  the  discussion  we  only  refer  to  those 
articles  which  have  a  direct  bearing  on  the  material  discussed. 

We  will  first  consider  the  problem  of  calculating  the 
probability  of  a  transition  of  some  quantum  system  from  some 
fixed  state  into  another  state. 

We  denote  by  H  the  Hamiltonian  of  the  system.  Then  the 
evolution  of  the  wavefunction  ^  of  the  system  is  described  by 
the  Schrodinger  equation 


(10.1) 


The  formal  solution  of  (10.1)  can  be  written  in  the  form 


t(0»S<0*( 0), 


(10.2) 


where  K0)  is  the  initial  value  of  the  wavefunction,  and 
S(t)  is  a  unitary  operator  describing  the  time  evolution  of  the 
system.  (10.1)  and  (10.2)  imply 


ihlft—HS,  S( 0)«1. 


(10.3) 


The  relations  (10.3)  define  completely  the  mathematical 
problem  of  computing  the  operator  S. 

We  will  consider  some  operator  M  with  the  eigenfunctions 
cp^.  If  our  system  is  in  a  state  which  is  described  by  some 

cpn,  the  quantity  which  corresponds  to  the  operator  M  takes  on 

some  fixed  value  II  . 

■  n 

We  will  now  select  for  the  initial  condition  some  func¬ 
tion  cpn«  Because  cpQ  is  orthonormal,  the  function  i|f(t)  can  be 
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written  as  follows 


l|>(0  =  2Cm(0<Pin*  (10.4) 

According  to  the  general  rule  of  quantum  mechanics,  the  quan¬ 
tity'  defines  the  probability  that  the  system  under 

investigation  will  be  in  the  state  described  by  the  function 
to  at  the  instant  t. 

Ill 

Substituting  (10.4)  in  (10.2)  and  selecting  the  initial 
conditions  so  that  ^  (0)  =  cp„, 

2  Cm'(0<P«'  =  S  (<)?«*  (10.5) 

m* 

$ 

Multiplying  both  sides  of  (10.5)  on  the  left  by  cf>m 

and  integrating  the  functions  cp  with  respect  to  the  variables 
5,  and  using  the  relation 

we  obtain  Cm  <  <pm  |  S  (Q  |  <pn  >, .  Here  the  symbol  <  >  denotes 
the  scalar  product  which  is  defined  as  usual: 

</|S|*>«  {/*($)$<?  (6) 

We  will  denote  by  the  probability  that  our  system  will 

make  a  transition  from  state  cp„  into  state  <o  in  time  t. 

n  m 

The  definition  of  Cm  implies  that 

H<?m | S(0  ?*>(*.  (10.6) 

We  will  i.ow  apply  the  result  (10.6)  to  the  analysis  of  a 
system  consisting  of  a  molecule  (atom)  and  the  electromagnetic 
field.  The  total  Hamiltonian  of  the  system  is  in  this  case 

#*=*//#  -f-  Hr  +  HoK,  (10.7) 
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where  HQ  is  the  Hamiltonian  of  the  molecule,  Hp  is  the  Hamiltonian 
of  the  radiation  field,  and  HQR  is  the  Hamiltonian  of  the  in¬ 
teracting  field  and  the  molecule. 


We  will  denote  by  x„(x)  and  ^  (?)  the  eigenfunctions  of 

n  nk 


Hq  and 


The  function  xn(x)  is  a  function  of  the  molecular 


variables  x  and  describes  a  certain  state  of  the  molecule. 

The  function  (g)  defines  the  state  of  the  field  in  which 

the  number  of  photons  is  nk,  and  is  a  function  of  the  field 

variables.  Below  we  will  consider  a  monochromatic  field. 

We  let  H  *  H0  +  Hj^.  Then,  because  HQ  and  can  be  com¬ 
muted,  <p„  =  x„  (x)  rj>njk{£)  since  these  operators  operate  on  different 

variables.  The  functions  which  were  written  down  describe  the 

situation  when  the  molecule  is  in  state  k  and  the  field  con- 

n 

tains  nk  photons.  We  will  assume  that  the  molecule  made  a 

transition  to  some  state  and  that  this  transition  led  to 

the  absorption  of  N  photons.  Then  in  the  final  state  of  the 
system  the  plus  molecule  in  the  field  will  be  determined  by 
the  function' «p,;, <*•'  According  to  relation  (10.6)  the 

probability  of  the  transition  can  be  calculated  from  the  formula 


(10.8) 


The  operator  S  can  be  found  from  (10.2)  after  substitution 
of  (10.7)  in  (10.3).  The  operator  HQ  is  the  usual  operator 

for  a  molecule  or  atom  which  takes  into  account  all  interactions 
between  the  atomic  or  molecular  particles.  The  other  two 
operators  in  (10.7)  have  in  longwave  approximation  the  form 

Hr  —  ti<oa*a, 

Hnn  -  PP  (a  + a*)  +  a  (a + a*)*, 


where 


P=  -(e/m)(2nhla)1'*,  a  -Atf/gw*. 
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h  is  the  Planck  constant,  c  is  the  velocity  of  light,  uu  is  the 
frequency  of  the  field,  a  and  a*  are  the  birth  ana  death  process 
operators  for  the  photons,  P  is  the  projection  £f  the  vector 
mv  in  the  photon  polarization  direction,  m,  e,  v  are  the  mass, 
charge  and  velocity  operator  for  the  particles.  We  also  note 
that  the  eigenfunctions  are  the  eigenfunctions  of  a  harmonic 

oscillator. 

Formula  (10.8)  enables  us  to  calculate  the  probability 
of  N-photon  absorption  in  time  t.  Usually  the  matrix  elements 
are  integrals  of  fast  oscillating  functions.  Therefore,  for 
the  probability  of  the  transition  F  per  unit  time  we  can  write 
the  relation 


F  «  lim  4r  I  ("A-w  I s  l  *»♦*»>  I*- 

<-♦00 


(10.9) 


The  energy  spectrum  of  the  operator  HQ  consists  of  discrete 

levels  and  a  continuous  path.  The  wavefunctions  which  cor¬ 
responds  to  the  energy  values  of  the  continuous  spectrum 
describe  the  dissociated  or  ionized  state  of  an  atom  or  a 
molecule.  If  these  functions  are  substituted  in  (10.9)  in¬ 
stead  of  xm,  we  obtain  the  probability  of  N-photon  dissocia¬ 
tion  or  ionization. 

2.  Calculations  of  the  Transition  Probability  by 
Successive  Approximations 

After  substitution  of  (10.7)  in  (10.3)  we  obtain  an 
equation  for  calculating  the  operator  S: 


th^-=(H0  +  Hn[-Hon)S.  (10.10) 


We  will  now  pass  on  to  representation  of  the  interaction.  We 
set  •  $==  8(0 exp ((//<») (H0 //*)j.  Then  (10.10)  implies  that 


ifl = H'ou  (0 8  (0*  8  (0)  =  l . 


(10.11) 
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and  «o*  (0 = exp  ( -  {tlih)  (H0 + HR)\  Hm  exp  W/ih)(H0  +  H„)]. 

*  -  *  —  OO  —  - 

We  let-  g  (/)  =  S  and  using  the  usual  iterative  procedure  we 

obtain  the  recurrence  equations  Horigx-i  (Oj 

gQ  -  1.  After  we  solve  successively  these  equations  we  can 
calculate  7. 

The  final  result  for  7  has  the  form  [696]: 


an-l 


F.  2  Fn  2  «Sp*(,"-k>«a(k-n>x 

n»n'  fcSfc' 

A-HV 

X(Ca3  Ih-n)  I*. 


(10.12) 


In  the  above  cj,  is  the  binomial  coefficient,'  n'=* (Ar-f  l)/2, «. 

12  N  is  odd,  and  n’  -  N/2  when  N  is  evpn,  k’  -  N  for  n^N 
and  k’  -  n  for  n>N.  The  prime  in  the  second  sum  denotes  that 
when  we  sum  over  k  we  must  keep  the  -,erms  for  which  (k  +  N)/2 
is  an  integer 


f  (EAlh—EB/h—iui>)  _  _ .4. 

X  \ (£a-£Al+m'  (En-EA{ |-2U)*. . . (Eu-HAn_t+(n- l)  W T 

_ 6lEA/h-EMl*-{n-l)u) _  ... 

)  f{£ArB*Jh*)*lEM-EM+nW  •  •  •  lEA-EA*-l+ln-'i>  ka>' 

/  , _ *  *(  EA/h-EAnJh-»)  1  , 

* '  *+  0  *•)*  Wm.-Za-^-V  *<*>'  •  •  •  } 

•••  J 


where  Bg  and  E^  are  respectively  the  energy  in  the  initial 
and  final  state  of  the  system  and  EQ  are  the  eigenvalues  of 
the  operator  Hq. 

The  expression  defined  by  the  symbol  *  {Pzn-k,  h-*}, 
is  constructed  as  follows.  We  write  the  matrix  element 
<<!>,*.  I  (PI)  I  <Pb>.  where  cp.  are  the  eigenfunctions  of  the 

.  **—  .  *  « -j 
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Hq ,  and  N(PI)  is  the  sum  of  all  permutations  of  (2n  -  k) 

operators  P  and  k  -  n  unit  operators  I.  The  intermediate 
subscripts  are  written  in  the  sequence  An,  A  j,  An_2,  B 

and  then  the  summation  extends  over  these  subscripts 

In  the  expression  for  FQ  the  summation  extends 
over  all  subscripts  A^,  Ag,  A.^  ... 

The  subscript  n  in  (10.12)  numbers  the  various  orders  from 
perturbation  theory  (according  to  the  operator  Hq^) .  If  only 

the  first  term  is  taken  into  account  in  the  operator  Hqjj,  then 

we  sum  over  n  with  n'  ■=  N. 

Further,  as  the  corresponding  estimates  imply,  when  F 
is  analyzed,  both  terms  in  the  interaction  operator  must 

be  taken  into  account.  We  note  that  the  multiphoton  processes 
were  calculated  on  the  basis  of  only  the  first  term  in  the 
interaction  operator  in  [697,  861],  In  article  [698]  processes 
are  analyzed  in  which  several  photons  with  different  frequencies 
participate.  These  processes  are  also  called  multiphoton 
processes.  However  the  authors  of  [6981  consider  only  cases 
which  must  be  called  single  photon  in  the  sense  of  formula 
(10.8)  (N  -  1) .  Of  course,  when  such  situations  are  discussed 
it  suffices  to  take  into  account  only  the  first  term  in  the 
operator  H0R»  a  proposition  which  was  stated  by  the  authors 

of  the  article  under  consideration  in  the  form  of  a  special 
theorem. 

In  the  case  of  a  transition  into  the  continuous  spectrum 
(multiphoton  dissociation  and  ionization  processes)  relation 
(10.12)  must  be  integrated  with  respect  to  the  energy  of  the 
finite  state  after  it  has  been  multiplied  by  the  density  for 
these  states.  The  presence  of  6-functions  in  this  state 
reduces  the  integration  to  replacing  the  6-functions  by 
ftp,  where  p  is  the  density  of  the  states  mentioned  above: 


P  -  (m'h1)  (2n)mikdQ\ 


dft  is  an  element  of  the  solid  angle,  k  =  /rl  V Elm,  E  —  EAl  +  (n  ~  /)  tm>  —  £'t 

E',  is  the  dissociation  or  ionization  energy  and  the  indices 
n  and  1  are  defined  in  accordance  with  the  procedure  used  to 
construct  the  quantity  F  . 
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3.  Estimates  of  the  Probability  of  Multipkoton  Photo¬ 
ionization  and  Pbotodissoci&tion 

The  probabilities  for  a  multiphoton  process  can  only 
be  calculated  if  the  matrix  elements  of  the  dipole  moment  and 
the  energy  levels  of  the  molecule  or  atom  are  known.  Using 
the  data  available  in  the  literature  about  the  energy  spectrum 
and  the  matrix  elements  of  dipole  transitions,  the  ionization 
probabilities  were  calculated  for  a  hydrogen  atom  during 
two-,  three-  and  four -photon  absorption.  The  values  of  F  ob¬ 
tained  for  various  wavelengths  are  given  in  Table  10.1. 

In  the  case  of  atmospheric  gas  molecules,  when  the  processes 
considered  are  analyzed,  we  are  dealing  with  electronic  molecular 
weights.  In  this  case  the  calculation  of  the  matrix  elements 
and  the  energy  levels  is  an  exceptionally  complex  problem. 

The  corresponding  data  is  available  at  tho  present  time  only 
for  the  simplest  atoms  and  molecules.  The  situation  is  analogous 
when  the  wavefunction  of  a  multiatom  dissociated  molecule  is 
analyzed,  which  must  be  known  in  order  to  calculate  the  matrix 
elements  of  the  dipole  moment  in  (10 . 12) . 

Because  of  the  facts  which  were  mentioned,  below  we  give 
only  estimates  for  several  quantities  which  characterize  multi¬ 
photon  processes.  It  is  assumed  in  these  estimates  that  the 
matrix  elements  of  the  dipole  moment  are  quantities  on  the 
order  of  magnitude  of  10-18  CGSE  units. 


Kej ,  Table  10 . 1  (cont *  d) 

1.  Note:  n^  is  the  number  of  photons  per  unit  volume 
(cm~3) ,  N  is  the  number  of  absorbed  photons 

The  characteristics  of  an  N-photon  process  are  estimated 
regardless  of  which  process  actually  occurs  (photoionization , 
photodissoci&tion,  change  in  the  electronic  or  vibration  rota¬ 
tion  state). 

Table  10 <2  gives  the  values  which  were  calculated  under 
the  conditions  mentioned  for  various  terms  of  the  sum  in 
(10.12),  for  N  from  1  to  12. 

Table  10.3  gives  the  probabilities  for  multiphoton  pro¬ 
cesses  (N  -  1(1)12)  for  various  n^.  The  table  gives  the 

quantity  b  in  the  expression  F  -  10b  for  various  a  in  the  ex¬ 
pression  njj.  -  10a. 

When  we  know  the  probabilities  of  the  corresponding  trans¬ 
itions,  we  can  estimate  the  absorption  coefficient  t  of  a  multi¬ 
photon  process,  t  and  F  are  related  by  [71 ] 


aeycm-l  U0.13) 


where  n^  is  the  number  of  absorbing  molecules  per  unit  volume, 

I  is  the  radiation  intensity,  where  in  the  case  of  a  plane 

wave 


(10.14) 


The  differential  relation  for  determining  the  radiation 
absorbed  now  has  the  form 


d/=~T(/)/dx, 


(10.15) 


where  x  is  .the  distance  covered  by  the  light  beam  in  the  medium. 
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TABLE  10.2 

VALUES  OF  DIFFERENT  TERMS  IN  THE  SUM  (10.12) 


10-M*** 

lO-w.4/1* 

10-uV»t 

10*1*1  ,ifij 

lO-MMnjf 

10-*«*.t/iJ* 


10- n«.*nJ 

11- lM.T/lJ 

lO-«*.«ny 

10-*«.#/ij‘* 

io-*««i* 


10-i’*.*fl{ 

10-**».*rtjt 

IO-MM*p 

lO-M.injf 

10 


lO-‘»«.i/«^ 

IQ'M.tnf* 

10-**M«l* 

10-*‘?.*nl» 

IO-»*».inl* 


10-«*.*nJ* 


io-«»i.*/»i* 


Key:  a.  E,  sec*1 


TABLE  10.3 

THE  VALUES  OF  a  AND  b  IN  THE  EXPRESSIONS 
n^.  -  10a,  F  -  iob 


l« 

19 

8.2 

9,2 

3,6 

5,6 

1.4 

4,4 

-2,9 

1,1 

-5,4 

-0,1 

-9,7 

-3,7 

12,1 

-5,1 

-16,5 

-19,3 

-23,2 

-26,1 

-30,2 


In  the  case  of  a  homogeneous  medium  we  obtain  from  (10.15) 
and  (10.13) 


x— 


e  f  dl 

”J  TV)  ' 


(10.16) 


The  integral  in  (10.16)  can  always  be  evaluated  since  in  our 
case  F  is  according  to  (10.12)  and  (10.14)  a  polynomial  in  I. 
However,  to  write  down  explicit  expressions  we  must  know  the 
corresponding  coefficients.  After  the  integral  is  evaluated 
we  can  find  I(x)  by  solving  the  equation  which  is  obtained. 

In  general  form  the  entire  problem  can  be  described  for  any  N. 

For  the  single  photon  process  from  (10.16)  follows  the 
well-known  exponentially  decreasing  intensity.  For  a  two- 
photon  process  we  have 


rr  __  IqXWq 

1  =_7+r 


where  T  -  I/Iq,  Jq  is  the  radiation  intensity  incident  on  the 

medium  layer,  y2  is  the  coefficient  in  front  of  I2  in  the 

expression  for  F  for  the  case  of  a  two-photon  process.  For 
a  three-photon  process  we  have  the  equation 

x=r,/-*  +  r,  ln/+r,  arctg  I?*/ + const, 


where  r.  are  constants. 

3 

The  last  equation  no  longer  allows  us  to  write  the  ex¬ 
pression  for  T  in  explicit  form.  For  N>  3  equation  (10.16) 
has  even  a  more  complex  form. 

An  analysis  of  the  data  in  Tables  10.2  and  10.3  shows 
that  for  certain  N  and  nk  in  the  sum  (10.12)  we  can  restrict  our¬ 
selves  only  to  several '  terms .  Then  F  (l)  -  VjPjI  and  f or 
ratio  I/I0  we  have  the  formula 


h 


,6,-1 

V  * 


(10.17) 
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'  ,t 


ijtz.— - -  , 

■  it o*  (bj~  1)  (A<a*c)  * 


When  the  IQ  are  sufficiently  large  we  can  ignore  the  1  in 
(10.17)  ana  write  the  equation 


x~o(JJ£.)bKii  (10.19) 


which  enables  us  to  calculate  the  distance  x  which  corresponds 
to  a  particular  value  of  the  transparency  T  -  I/IQ  (Table  10.4). 

We  note  that  as  the  estimates  have  shown,  the  results  of 
such  calculations  do  not  depend  much  on  the  selected  value  of 
T.  The  number  zero  in  the  table  denotes  that  the  required 
absorption  takes  place  at  the  very  beginning  when  the 
radiation  is  propagated  in  the  medium  (the  phenomenon  can  have 
the  character  of  an  explosion),  the  ®  symbol  shows  that  the 
corresponding  distance  .is  greater  than  107  cm. 

TABLI  10.4 

THB  VALUES  OF  THE  DISTANCES  PASSED  BY  THE  BEAM  FOR  VARIOUS 
N,  n^,  nQ  -  2.4* 10*9  AND  T  -  0.1 


ft 

nk,  or*  CLs 

IQlt 

I0U 

I0«M 

lot* 

I0M 

2 

3.10* 

3*10* 

3-10*.* 

3- 10* 

3.)0» 

3 

2«10* 

2*  10* 

2-10* 

2 

2* 10'* 

4 

CO 

3*10* 

2.10*.* 

2-10* 

2-I0-* 

5 

CO 

5-10* 

5. 10* 

8<  10 

0 

6 

00 

7>  10* 

4.10*1* 

4 

0 

7 

00 

00 

2.10* 

2-J0-* 

0 

8 

00 

CO 

3.10*.* 

3 

0 

9 

00 

00 

10* 

2 

0 

10 

00 

00 

8-10*.* 

8*Kr* 

0 

11 

00 

00 

00 

8<l0-» 

0 

12 

00 

00 

00 

9-10-* 

0 

Key:  a.  nk,  cm-3 
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Using  the  quantity  F  we  can  determine  the  time  needed  for 
the  decay  of  a  particular  proportion  of  molecules  or  atoms. 

The  corresponding  expression  follows  from  the  well-known  decay 
relation: 


n  = 


(10.20) 


where  n  and  nfl  are  the  number  of  molecules  (atoms)  "preserved" 
at  the  instant  t  and  when  t  -  0.  If  we  define  the  time  for 
the  partial  decay  t0  as  the  interval  in  which  the  ratio  n/nQ 

attains  a  certain  value,  then 

^_Jsaa.  (10.21) 


Table  10.5  gives  the  values  of  t  for  n/nn  -  0.1  and  var 

u  0 

ious  N  and  nfc.  The  90  symbol  denotes  in  this  table  that  t 
is  greater  than  104  sec. 


The  process  considered  can  occur  during  molecular  or 
atomic  decay  of  the  medium  in  the  focus  of  some  lens.  The 
relation  between  the  photon  density  nt  in  the  focus  of  the 

*t 

lens  and  in  the  incident  beam  nfc  can  be  determined  from  the 

correspondence  principle.  If  R  is  the  radius  of  the  lens  and 
f  is  its  focal  distance,  then 


8/*cs 


(10.22) 


The  order  of  the  N-photon  process  is  easily  estimated  from 
the  relation 

where  the  symbol  [  ]  denotes  the  integer  part  of  the  number, 

E,  is  the  ionization  or  dissociation  energy,  E„  is  the  energy 
ox  the  lower  (as  a  rule  fundamental)  state. 
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TABLE  10.5 

VALUES  OF  T°  IN  SECONDS  FOR  VARIOUS  N 
and  nk  WHEN  n/nQ  -  1 


N 

I0» 

ION 

10* 

_  . 

2 

io-*.* 

10-*.* 

10'M 

3 

10-1  . 

io-» 

10-* 

4 

i0*,» 

10®.’ 

10-*.* 

5 

00 

10®.* 

10-4.* 

6 

00 

tO«.» 

10-M 

7 

00 

00 

10->.» 

8 

00 

00 

10®.* 

9 

>30 

00 

iOM 

10 

00 

00 

10*.® 

11 

00 

00 

10*.* 

12 

00  . 

00 

10®.* 

TABLE  10.6 

DISSOCIATION  ENERGY  Ep  OF  THE  MOLECULES  02>  N2,  C02, 

h2o,  THE  IONIZATION  ENERGY  Ej  OF  THE  ATOMS  N,  0,  C, 

H  AND  THE  ORDERS  OF  THE  MULTIPKOTON  PROCESSES  FOR 
THE  RADIATION  FROM  LASERS  BASED  ON  GLASS  WITH 
NEODYMIUM  X  -  1.06  n  (N^  AND  A  RUBY  LASER 

X  -  0.69  H  <N2) 


& 

MMiKyxi 

0| 

N» 

CO* 

H*Q 

F" 

Atom 

N 

0 

C 

H 

t  o,  n 

5,08 

9,76 

2.8 

5.1 

Eh  « 

14,5 

13,6 

11,27 

13,6 

Nt 

5 

9 

3 

5 

Nl 

13 

12 

to 

12 

N% 

3 

6 

2 

3 

Nt 

9 

8 

7 

8 

Key:  a.  Molecule 
b.  Atom 


4 
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Table  10.6  gives  the  values  of  the  dissociation  energy 
for  molecules  of  the  main  atmospheric  gases  and  the  ionization 
energy  of  their  atoms. 

4.  Spectroscopic  Saturation  Effect 

The  spectroscopic  saturation  effect  in  the  case  of  elastic 
molecular  collisions  was  studied  in  sufficient  detail,  for 
example  in  [699,  700].  We  will  analyze  completely  the  quantum 
variant  of  this  effect  in  which  it  is  possible  to  study  non¬ 
elastic  molecular  collisions  in  a  single-photon  light  absorption 
process.  The  saturation  problem  in  multiphoton  processes  is 
described  in  article  [862 J. 

The  Hamiltonian  for  the  problem  under  consideration  can 
be  written  in  the  form 


H  +  +  (10.23) 


where  H^,  Eg  and  are  the  Hamiltonians  of  the  first  and 

second  molecules  and  of  the  radiation  field.  The  operator 
H  (t)  takes  into  account  the  interaction  between  the  two 

v 

molecules  (collision)  which  depends  on  time,  and  H1R  the 

interaction  between  the  field  and  the  first  (light  absorbing) 
molecule.  The  second  molecule  does  not  absorb  the  radiation 
(at  least  during  single  photon  interaction)  but  only  deforms 
the  state  of  the  first  molecule. 

Since  in  this  problem  we  are  dealing  with  connected 
states  the  initial  condition  must  be  formulated  for  some  in¬ 
stant  of  time  t  -  0  which  is  considered  to  coincide  with  the 
time  when  some  collision  begins.  The  solution  to  problem 
(10.23)  must  further  be  sought  for  an  instant  of  time  t^T, 
where  t  is  some  critical  (correlation)  time  which  depends 
on  the  nature  of  the  interaction  H  (t) .  With  certain  known 
approximation  t  can  be  interpretedcas  the  mean  lead  time  with  which 
one  molecule  leads  another  or  the  collision  time  of  the 
molecules . 

Arguments  which  are  almost  exactly  the  same  as  those  made 
in  paragraph  1  enable  us  to  obtain  the  results: 


P BA  “  i  (<j>nA_t  (t)  <Pm  MI'S  |  (0)  <pn  (0)>  |*. 
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| 

l 

. 
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Here  PBA  is  the  probability  that  the  system  will  make  a  trans¬ 
ition  from  state  A  into  state  B  in  the  time  t,  and  the  state 
is  defined  as  some  state  of  the  field  in  which  the  number  of 
photons  is  equal  to  n^  and  the  n-state  of  the  interacting 

molecules.,  the  state  B  is  the  m-state  of  the  molecules  and  the 
state  of  the  field  in  which  the  number  of  photons  is  n^^. 

The  following  notation  is  used  in  expression  (10.24):  * 

“k 

are  the  eigenfunctions  of  the  operator  Hj*,  cpn(0)  are  the 
eigenfunctions  of  the  operator  +  H2>  (0  =  Sc  (t)  <p«  (0), 

The  operators  S  and  S  satisfy  the  equations 

ih^-  =  HS,  (10.25) 


(10.26) 


The  functions  tynh-i  (T)  =  and  Sn  -  exp  . 

Hence,  in  (10.24) '  *IVi  (t)  ,  can  be  replaced  by’>*-i  (°)- 

Further,  expression  (10.24)  must  be  summed  over  m  to 
take  into  account  all  possible  transitions  which  accompany  the 
absorption  of  a  single  photon  from  a  fixed  state  into  any  other 
state.  After  this  operation 


S  =  <Pn  (0)  I F I  <pn  (0».  (10.27) 


F = {  K  M  u~l  (p<  ?)  K-*  (p)  %h-t(p')  x 

X  U(p\  q)ynh(p')dpdp\ 


(10.28) 


where  P  are  the  variables  of  the  field  function,  and  q  are 
the  variables  of  the  molecular  functions.  The  operator 

S' ==  SCSR.  Since  the  operator  U  is  unitary,  it  follows 
that  F  is  a  Hermitian  operator. 
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Further  (10.27)  must  be  averaged  over  the  initial 
molecular  states.  According  to  the  general  rule  averaging  a 
quantity  of  the  type  considered  leads  to  the  relation 


P^SppoF.  (10.29) 


Here  P  denotes  the  sum  •  Po  which  is  averaged  over  the 

initial  molecular  states  and  p  is  the  Boltzman  density 
matrix  for  the  Hamiltonian  H^  ?  Hg. 

We  note  that  the  result  (10.29)  can  be  obtained  if  we 
start  out  with  the  expression  for  the  density  matrix  p  which 
satisfies  the  equation 


(10.30) 


with  the  Hamiltonian  of  the  system  (10.23)  and  the  initial 
conditions 


pnnft ,  nn^  —  1 1  Pmm^ .  nn*  —  0 . 


(10.31) 


Then  the  expression  (10.24)  for  the  .probability  of  a  transition 
A  -»  B  is  written  as  a  diagonal  element  PmnA-«> 

in  the  density  matrix,  and  after  summing  over  the  finite  state 
and  averaging  over  the  initial  states  of  the  system  Hj^  +  Hg 

we  arrive  at  expression  (10.29). 

The  expression  for  P  must  be  averaged  over  the  collisions. 
Technically  this  is  done  using  the  procedure  described  in 
article  [ 71 ] . 

Equation  (10.25)  is  further  solved  according  to  perturba¬ 
tion  theory  for  the  interaction  operator  H1R*  The  integrals 

(10.28)  are  evaluated  using  the  rules  for  the  birth  &  death  process 
operators  for  photons.  A  method  for  computing  the  sums  (10.29) 
which  is  based  on  group  theory  is  given  in  [71,  56],  Because 
of  laboriousness  we  omit  all  intermediate  calculations  an.d 
give  the  finite  expression  for  the  function  which  we  write 
immediately 
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(10.32) 


P 

"ACT 


which  is  interpreted  as  the  absorption  coefficient  for  a  single 
absorbing  molecule: 


x 


0) 


_ _  l<aet  In  Iff)  !«(<#,>)» _ 

(«A -  w* +<0* +  2vnh(o$)  I  <a«  1 1(  1 6P)  I*  ' 


(10.33) 


The  following  notation  is  used  in  (10.33)  !.Y  “  2s»*/*c. • 

is  the  halfwidth,  ,  o$  is  the  shift  and’ ,«t* 

is  the  center  of  the  spectral  line,  are  the  diagonal 

elements  of  the  Boltzman  density  matrix  for  the  operator  H^, 

//„‘<oa|n|'fcp>  are  the  matrix  elements  of  the  dipole  moment  written 
as 'Singular  eigenfunctions  of  the  operator  H.^,  and  c  is  the 

velocity  of  light.  We  further  note  that  when  (10.33)  is  cal¬ 
culated  only  terms  which  contain  the  frequency  differences 
are  taken  into  account. 

The  term  in  the  numerator  which  depends  on  n^  formally 

denotes  the  saturation  effect.  The  calculation  which  was 
described  emphasizes  an  idea  which  is  known:  the  saturation 
effect  results  from  the  fact  that  the  density  matrix  of  the 
molecule  in  the  presence  of  a  strong  field  is  different  from 
the  Boltzman  matrix. 

5.  Light  Absorption  When  The  Saturation  Effect  Is 
Taken  Into  Account 

Using  relation  (10.33),  we  can  write  the  following 
expressions  for  the  absorption  coefficient  of  light  at  fre¬ 
quency  v: 


*(y.  /)=2 

i 


a) 

°jw+cj(v)r  • 


(10.34) 
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Here  the  summation  is  carried  out  over  all  lines  which  con¬ 
tributes  to  the  light  absorption  at  a  given  frequency,  aj  =  Sjfj/n, 

bj  ---  (v  —  v;)*  +  y>>  cj  =  I  fij  |  ~2c~2,  Sj  ,  y j  ,  Vj  and  ^  are  the 

intensities,  halfwidths,  center  and  square  of  the  matrix  element 
of  the  dipole  moment  of  line  j,  and  I  is  the  radiation  intensity. 
We  note  that  and  Yj  are  measured  in  inverse  centimeters. 

The  relation  which  describes  the  variation  in  the  intensity 
of  the  radiation  in  the  medium  has  the  form 


dl  —  -k(l)ldu>, 


(1C. 35) 


where  iu  is  the  settled  layer  of  the  absorbing  gas.  The  initial 
condition  for  (10.35)  is  the  usual  condition:  K  -  IQ  when 

cu  “  0. 

In  essence  equation  (10.35)  follows  from  the  definition 
(10.32)  of  the  quantity  uu  as  the  ratio  of  the  amount  of  energy 
absorbed  to  the  incident  radiation  intensity. 

For  a  homogeneous  medium  equation  (10.35)  can  be  integrated 
exactly.  However,  the  process  involves  laborious  numerical 
calculations.  Therefore  (10.35)  is  solved  more  simply  by 
successive  approximations,  taking  advantage  of  the  small  c^K. 

To  achieve  this . equation  (10.35)  must  be  written  in  the  form 
'<////  =  —  k  (/)dw.  and  for  the  ze^o  approxiwation  we  must  take 

/<0)  =  Iq -exp  (—ko<o),  where  kQ  =  laj/bj.  After  several  computations 

we  obtain  [703]: 


1  /<>*  j  \  k j** 


'-MH-iSSt) 


(10.36) 


In  the  above  T  =  I/Iq,  T*=lllo,  T0~exp(  — Ar0o>),  Kj-cjlbj. 

The  expressions  for  a^  and  bj  imply  that  kQ  should  be 

interpreted  as  the  attenuation  coefficient,  which  is  calculated 
without  taking  into  account  the  dependence  of  the  molecular 
density  matrix  on  the  magnitude  of  the  field.  Then  Tq  is  the 

transparency  which  is  defined  as  usual  for  a  given  radiation 
frequency,  (10.36)  implies  that  for  T  =  Tq. 
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Relation  (10.36)  enables  us  to  estimate  the  saturation 
effect  on  the  transparent  layer  of  the  absorbing  medium.  If 

ln*,T0»\,  to  T«  I.  (10.37) 


Key:  a.  then 


The  quantity  t  can  be  estimated  on  the  basis  of  the  following 
considerations.  The  collision  time  can  be  considered  as  the 
transition  time  of  the  colliding  molecules  from  one  rectilinear 
section  of  their  trajectory  to  another.  Using  the  corresponding 
results  given  for  the  solution  of  this  problem  in  [704],  we 
can  write: 


t  -  t0P“i/T",/*. 


(10.38) 


In  (10.38)  T  is  the  absolute  temperature,  P  is  the  pressure, 
and  Tq  is  a  quantity  which  is  almost  constant.  If  P  is  ex¬ 
pressed  in  atm  then  the  value  of  has  the  order  of  magnitude 

10H.  Keeping  in  mind  the  last  remark  we  can  estimate,  using 
(10.37),  the  intensity  at  which  the  saturation  effect  becomes 
manifest.  Along  the  lines  used  for  the  estimates  in  paragraph 
3,  we  further  let  <jj  *  0.1  cm-1  and  TQ  =  0.1,  and  we  obtain  for 

IQ  a  value  of  the  order  of  magnitude  lO**  erg/cm2/sec. 


6.  Self-Focusing  Of  A  Laser  Beam 

The  propagation  of  powerful  laser  radiation  in  the  medium 
can  lead  to  a  change  in  the  value  of  the  refractive  index  in 
the  beam  channel.  The  difference  between  the  values  of  the  re 
tractive  index  of  the  medium  in  the  beam  channel  and  outside 
the  channel  can  be  such  that  the  divergence  of  the  beam  is 
eliminated.  This  phenomenon  has  been  called  the  self-focusing 
of  the  laser  beam.  This  phenomenon  has  already  been  studied 
in  a  relatively  large  number  of  papers  [705  -  719,  844  and 
others ] . 

It  turns  out  that  when  the  divergence  of  the  beam  is  cp, 
in  order  to  eliminate  it,  the  refractive  index  must  be  changed 
in  the  beam  channel  compared  to  its  value  outside  the  channel 
by  an  amount  An  which  is  approximately  equal  to  cp2. 
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If  the  first  linear  term  in  the  expansion  for  the  polariza¬ 
tion  vector  over  the  field  in  the  medium  is  proportional  to  the 
third  power  of  the  electrical  field  intensity  J3,  the  refractive 
coefficient  of  such  medium  can  be  represented  in  the  form 


n  —  rt0+ 


(10.39) 


where  n^  is  the  usual  refractive  index,  and  n2  is  a  coefficient 

which  characterizes  the  nonlinear  properties  of  the  medium. 
Formula  (10.39)  is  written  on  the  assumption  that  the  successive 
nonlinear  terms  of  the  expansion  are  small  in  comparison  with 
the  first  two  terms. 

The  nonlinear  dependence  of  the  refractive  coefficient  * 
of  the  medium  on  the  electrical  field  intensity  is  caused  mainly 
by  the  Kerr  effect  and  by  electrostriction.  In  addition  to 
this  when  absorption  takes  place  in  the  medium,  the  corresponding 
nonlinear  effect  can  be  caused  by  the  thermal  expansion  of  the 
gas  due  to  its  heating  by  the  absorbed  wave  energy. 

It  is  known  that  the  Kerr  effect  is  related  to  the  orienta¬ 
tion  of  the  dipole  molecular  moments  in  the  direction  of  the 
strong  electrical  field  which  causes  the  practically  inertia  - 
free  occurrence  of  the  anisotropic  properties  of  the  refractive 
medium.  The  electrostriction  effect  boils  down  to  the  fact 
that  in  the  region  where  the  radiation  is  active .additional 
volumetric  pressure 


and  the  force 

F-yradP,  (10.41) 


arrive,  where  p  is  the  density  and  e  is  the  dielectric  per¬ 
meability  of  the  medium.  By  solving  the  electrodynamic  equa¬ 
tions  and  the  linearized  perturbation  equations  for  the  di¬ 
electric  permeability,  it  is  possible  to  obtain  expression  for 
the  threshold  self-focusing  power  Pthr,  caused  by  the  Kerr  and 

electrostriction  effects.  The  value  of  the  self-focusing  power 
can  be  estimated  approximately  from  the  simple  formula 
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l“,|,  '  «,  *  (10.42) 


Key:  a.  thr 


where  X  is  the  radiation  wavelength,  and  c  is  the  velocity  of 
light. 

Thus,  the  threshold  self-focusing  power  can  be  smaller, 
the  smaller  the  wavelength  and  the  greater  the  nonlinear 
properties  of  the  medium.  Certain  liquids  have  the  lowest 
self-focusing  thresholds,  on  the  order  of  several  tens  of 
kilowatt.  The  threshold  powers  for  gases  are  tens  and  hundred 
thousandths  of  kilowatts.  This  means  that  the  self-focusing 
conditions  will  manifest  themselves  during  the  propagation  of 
laser  radiation  in  the  atmosphere.  We  recall  that  the  radiation 
from  a  number  of  lasers  exceeds  considerably  by  power  in 
the  pulse  the  threshold  self-focusing  power  values  in  gases 
which  were  mentioned  above. 

The  unit  measurements  which  were  made  in  the  atmosphere 
confirmed  the  presence  of  self-focusing  laser  beams  and  have 
shown  that  together  with  the  focusing  of  the  beam  as  a  whole, 
fine  threads  are  formed  within  the  beam.  It  should  be  noted 
that  self-focusing  theory  forecasts  the  decomposition  of  light 
beams  into  individual  components  when  the  radiation  power  ex¬ 
ceeds  considerably  However,  in  the  experiment  fine 

threads  are  observed  at  powers  which  do  not  exceed  For 

the  time  being  it  is  difficult  to  interpret  unequivocally 
qualitatively  the  origin  of  these  threads.  One  possible 
mechanism  can  be  connected  with  the  fluctuations  in  the  value 
of  the  refractive  index  of  air  caused  by  turbulent  movements 
in  the  atmosphere.  Apparently  these  fluctuations  can  enhance 
the  occurrence  of  the  self-focusing  effect  at  powers  which  are 
lower  than  the  threshold  power  for  a  homogeneous  medium. 

So  far  the  self-focusing  phenomenon  of  a  laser  beam  in 
the  atmosphere  has  not  yet  been  studied  in  detail. 

7.  The  Action  Of  The  Powerful  Radiation  Field  On  Atmospheric 
Aerosol  Particles 

The  irradiation  of  atmospheric  aerosol  particles  by  power¬ 
ful  directed  radiation  is  accompanied  by  a  number  of  effects  which 
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lead  to  a  change  In  the  conditions  under  which  the  radiation  is 
propagated  in  the  medium.  Among  these  effects,  of  greatest 
practical  interest  is  the  vaporization  of  particles  due  to  the 
energy  absorbed  by  these  from  the  field.  A  change  in  the 
dimensions  of  the  particles  causes  a  corresponding  change  in 
the  three-dimensional  polydispersed  attenuation  coefficients. 
Thus,  the  transparency  of  the  scattering  medium  layer  becomes 
dependent  on  the  incident  radiation  intensity. 

The  slow  vaporization  of  particles  in  the  thermal  field 
has  been  studied  in  sufficient  detail.  The  most  complete  survey 
of  the  corresponding  theoretical  and  experimental  studies  is 
given  in  the  monograph  of  N.  A.  Fuks  [720],  The  results  obtained 
in  these  studies  can  not  be  used  to  estimate  the  particle 
vaporization  in  a  powerful  radiation  field.  Studies  of  this 
phenomenon  were  undertaken  only  recently.  Below  we  present 
some  of  the  results  which  were  obtained. 

The  vaporization  of  solid  and  liquid  spherical  particles 
in  the  radiation  field  in  an  unbounded  gas  medium  was  dis¬ 
cussed  by  Williams  [721 ].  Using  the  Knudsen  kinetic  equation, 
the  author  of  [721 ]  finds  the  rate  at  which  the  particles  are 
vaporized.  However,  the  vaporization  coefficient  in  the 
Knudsen  equation  remains  undetermined.  Only  preliminary  es¬ 
timates  are  given  for  it. 

K.  S.  Shifrin  and  Zh.  K.  Zolotova  [722]  studied  the 
vaporization  kinetics  of  a  drop  under  the  action  of  solar 
radiation.  Making  the  assumption  that  the  vaporization  has 
a  stationary  character,  they  obtained  a  simple  analytical 
expression  which  describes  the  variation  in  the  radius  of  the 
drop  as  a  function  of  time: 


r  =  r0e->i‘, 
r  =  /g  — tj7, 


where  rQ  and  r  are  the  radius  of  the  drops  before  and  after 

the  radiation  effect,  t  is  time,  r]  and  ri '  are  parameters,  h 
is  the  absorption  index  for  the  particle  substance  and  X  is 
the  wavelength. 

It  can  be  seen  from  (10.43)  that  for  the  given  wavelength 
the  radius  of  large  drops  changes,  under  the  action  of  solar 
radiation,  linearly  with  time,  and  for  small  drops  exponentially. 


TT'CM 

8j»x  ,  I 
-r-r>N  I,  I 


(10.43) 
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Theoretical  studies  of  the  vaporization  of  atmospheric 
aerosol  particles  under  the  action  of  powerful  radiation  were 
carried  out  recently  in  the  author's  laboratory  [723  -  725]. 
Below  we  give  a  brief  discussion  of  the  main  results  obtained 
in  these  studies. 

1.  General  Equations.  The  heat  and  mass  transfer 
processes  when  the  general  equations  are  derived  are  based  on 
the  mathematical  Enscod-Chapman  theory  for  nonhomogeneous  gases 
[726],  The  final  equations  which  were  obtained  for  the  dis¬ 
tribution  of  the  partial  pressure  of  water  vapor  and  temperature 
in  the  particle  in  a  spherical  coordinate  system  have  the  form 


dp.  P  dP  ni  2  dp  .  d*p\  P  , 

«  l  p  p  (dP\* 

*r  u  ip-p)*  \  di>  )  * 


«  in  l  (  dP\* 

*r  u  (P-p)*  \  dp  )  ’ 

‘  dP  PRn  fa  P  b  (*T'  ,  2  dP\A 

~sr~*  cp  <ii"~ ji")  p\~ ty3’  *  i»  <>p  rr 

+  u  { op*  T  ()<?(, /  i 

.  n»up  .  w  p_  ( toy 

-t-  up  r  (p_pyt  jJii,yJ_(]lH_Mii)pj\  Op  )  ’ 


(10.44) 


(10.45) 


Key :  a .  a 
b.  w 


where  p  is  the  partial  pressure  of  the  water  vapor,  P  is  the 
total  pressure  in  the  medium,  T1  is  the  temperature  of  the 
medium,  D  is  the  diffusion  coefficient  of  water  vapor  in  air, 
p  is  the  polar  radius  of  the  particle,  X1  is  the  thermal  con¬ 
ductivity  of  the  medium,  Cp  is  the  heat  capacity  of  the  medium 

at  constant  pressure,  Rr  is  the  universal  gas  constant,  na  is 

the  molecular  weight  of  air,  uw  is  the  molecular  weight  of 
water  vapor. 

The  temperature  field  in  the  particle  is  described  by  the 
nonhomogeneous  thermal  conductivity  equation 


(10.46) 
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i  i  I 

where  T  is  the  temperature  in  the  particle,  n  is  the  thermal  w 

conductivity  of  the  particle  substance,  I  is  the  source  func¬ 
tion 

*  Mut(l)  A',i  (r,  X,m) 

1 - - *  (10.47) 


In  the  last  formula' 3—  is  the  thermal  equivalent  of  water, 
u)  is  the  power  of  the  radiation  flux,  and  yl  are  the  thermal 
capacity  and  the  density  of  the  particle  substance,  K„  is  the 
optical  absorption  coefficient  of  the  particle. 

Equations  (10.44)  -  (10.46)  define  the  vaporization  kinetics 
of  one  particle  in  the  radiation  field.  The  boundary  conditions 
for  these  equations  hate  the  form 

The  initial  conditions: 


t  =  0-,  p  (p,  0)  =  p„;  P  ( p ,  0)  *  r‘  (p,  0)  =  Tc,  (10 . 48) 


The  boundary  conditions: 


P=r,P(r,  t)  —  P (r,  t)-T0(r,  t ),  p(r,  t)=pt(T0), 

(10.49) 

P-+OO,  P  ~*Tcc,  P-+Pm, 


where  TQ  is  the  temperature  on  the  surface  of  the  particle, 
jjg  and  Jq  are  the  mass  of  the  vapor  and  heat  flows. 

The  initial  conditions  are  formulated  assuming  thermo¬ 
dynamic  equilibrium  for  the  particle  and  the  surrounding 
medium  before  the  action  of  the  radiation.  The  function 
Pq(Tq)  in  (10.49)  characterizes  the  dependence  of  the  elasticity 

of  the  saturated  vapor  on  the  temperature  on  the  surface  of  the 
particle.  For  particles  with  radius  r>  1  |i  this  function 
has  the  form 

P»  (T'o)  =  pre^'nTre-Ln^ltnT,t  (10 . 50) 
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Key:  a.  v 


where  L  is  the  specific  evaporation  heat.  For  particles  with 
*^,1  H  ihc  corresponding  corrections  must  be  introduced  in 
(10.50).  The  analysis  proposed  which  is  used  when  equations 
(10.44)  -  (10.46)  are  derived  makes  it  possible  to  determine 
the  limits  of  their  applicability.  The  equations  obtained  can 
be  applied  to  describe  the  mass  and  heat  transfer  process  in 
the  water  drop  system  in  the  air  when  p  -=  Pcr<P*  T1  -  ^boil* 

v  ■  vys,  where  Tboi^  is  the  boiling  temperature  of  water, 
v  is  the  velocity  of  the  mass  flow,  and  v  _  is  the  velocity  of 
sound. 


In  cases  when  the  quantities,  p,  and  v  attain  values 
which  exceed  pcr,  Tboil  and  vys,  the  vapor  and  heat  flow  masses 

can  be  described  by  the  approximate  states  if  we  assume  that 

tv 

Ito—  ®lit  (10.51) 


l<l*=C„ytTlvai,  j. 


(10.52) 


Key:  a.  v 
b.  vs 


i 


j 


where  Yg  Is  the  density  of  the  vapor  gas  mixture. 


The  boundary  conditions  in  this  case  have  *the  form 


(10.53) 


Key: 


a. 

b. 


v 

vs 


and  the  vaporization  kinetics  of  the  drop  are  described  by  the 
equation 


tv 

dr  _  I  H^Po  Jt 
~df  Yl  RnTo  Vl*' 


(10.54) 


Key: 


a.  v 

b.  vs 
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Squat ions  (10.44) ,  (10.45)  can  be  solved  only  numerically.  In 
this  respect  the  corresponding  algorithms  and  programs  written 
in  the  Algol 60  language  were  developed  for  the  computations. 

2.  Quasistationary  Fields.  In  the  case  of  quasi- 
stationary  temperature  fields  and  partial  pressure  of  water 
vapor,  when  these  are  only  determined  by  the  surface  temperature 
of  the  particle,  we  obtain  from  equations  (10.44)  and  (10.45) 
expressions  for  the  partial  pressure  p  and  the  temperature  T-*- 
in  the  form 


p=P- 


rt  r 

p 


*  L.  k  X*n 


P  X*A, 


x  [\PP  $ (p-p»)]  + 

{—  [p$  In -  (|i-  Ap*  -  Po)]  +  To, 


(10.55) 


(10.56) 


Key: 


a.  v 

b.  a 


From  these  equations  we  can  obtain  asymptotic  expressions 
for  p  which  do  not  contain  T*  and  an  expression  for  T*  which 
does  not  contain  p  when  (p  -  r)<^  1  (the  points  near  the  surface 
of  the  particle) .  Because  of  the  unwieldiness  of  the  formulas 
which  were  obtained  we  shall  not  give  these  here. 

When  the  vaporization  rate  of  the  drop  is  calculated, 
the  temperature  which  depends  both  on  the  fields  in  the 
particle  and  the  temperature  distribution  in  the  volume  must 
be  known.  To  determine  the  temperature* in 

the  drop  a  boundary  value  problem  which  is  known  in  mathematical 
physics  as  the  third  boundary  value  problem  for  a  parabolic 
equation  must  be  solved.  The  solution  of  this  problem  enabled 
us  to  obtain  the  following  transcendental  equation  for  deter¬ 
mining  thd  temperature  Tq  on  the  surface  of  the  drop: 
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where 


~  .  2 r  £  (-D"n a  f,  ,  2k‘*v, 

T«  +  3T  2j  «W(| -f  n*n*f  \‘r  h^TX 
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X  {7V-9  }  el—)  +-1,0. . 


(10.57) 


9“Vr*r-^"’<,>-ft)(C*+^)  + 
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(10.58) 


Key:  a.  v 
b.  a 


If  the  solution  of  equation  (10.57)  for  TQ  is  known,  then 

calculating  the  rate  at  which  the  drop  vaporizes  is  not  par¬ 
ticularly  difficult  and  can  be  carried  out  using  the  formulas 

dr  1  . 

7T~~K"  (10.59) 


it  __  v^Dp 

TrT 


^  A>)J  • 


(10.60) 


3.  Stationary  vaporization  of  the  drop  during  con¬ 
tinuous  irradiation.  Inen  a  radiation  flow  which  is  constant 
in  time  ‘ acts  continuously  on  a  drop,  we  can  assume  that  the 
heat  flows  absorbed  by  the  drop  which  are  carried  away  from 
It  together  with  the  vaporizing  steam  are  equal.  This  fact 
enables  us  to  write  the  balance  equation  as 


•J>'  fiSWMMU 


4nX'  (To-T*)  +  4arZ.  (T)D  l<£{r.)--c£i  « 

.  nJw/Cfrfr)  r*.  (10.61) 

Key:  a.  v 

where  is  the  concentration  of  water  vapor  in  the  medium. 

Equation  (10.61)  enables  us  to  determine  the  temperature 
on  the  surface  of  the  drop. 

Figure  10.1  gives  the  results  when  equation  (10.61)  is 
solved  graphically. 


Fig.  10.1.  Results  of  calculations  of  temperature  varia¬ 
tions  in  drops  of  different  dimensions  during  continuous 
irradiation  by  a  radiation  flux  -  102  w/cm2, 

u>2  -  103  w/cm2,  u>3  -  104  w/cm2,  TQ  =  273°K,  X  -  10.6  n 
Key:  a.  radius,  [i 


The  rate  at  which  the  drop  evaporates  can  be  estimated 
by  integrating  the  kinetic  equation  for  stationary  vaporization 

(10.62) 

Approximate  graphical  integration  of  the  last  equation 
using  tabular  values  of  cy  (T)  for  the  same  parameter  values 

as  in  Fig.  10.1  enabled  us  to  obtain  curves  for  the  radius  of 
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the  drop  as  a  function  of  time  (fig.  10.2).  These  curves  are 
approximated  satisfactorily' by  the  equation 


r(Q— 


{ 


r0— 0,494m1  >mf,  pr  >  1, 
pr<!. 


(10.63) 


where  i  p=8nn/X;  ?=expl  —  0,2  (|mj  —  1)J; 

and  m  is  the  complex  refractive  index  of  water. 

4.  Vaporization  of  a  drop  under  the  action  of  single 
radiation  pulses^  If  a  single  pulse  acts  on  the  drop  with  a 
duration  for  which  the  energy  absorption  process  by  the  drop 
can  be  considered  to  be  adiabatic,  then  the  temperature  of 
the  drop  after  the  action  of  the  pulse  can  be  determined  from 
the  formula 


(10.64) 


Key: 


a.  n 

b.  v 


where  E  is  the  energy  of  the  pulse  in  joules  per  square  centimeter 
and  rQ  is  the  initial  radius  of  the  drop  in  microns 


Key:  a.  time,  msec 
b.  radius,  u 


Fig.  10.2.  Results  of  calculations  of  variation  in  the 
radius  of  the  drops  as  a  function  of  time  when  it  is 
continuously  irradiated  by  a  flux  with  wavelengths 
10.6  n  and  power  «  102  */cm2,  u>2  =  103  w/cm2, 

t&j  -  10*  w/cm2.  Initial  radius  of  drop  rQ  =  30  |a 
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Estimates  show  that  when  Tn^400°K  due  to  a  single  pulse 
the  vaporization  of  the  drop  slightly  changes  its  radius. 

Values  Tn^  Tcr  *  647°K  for  a  liquid  phase  are  meaningless 

so  they  need  not  be  considered.  Thus,  the  effect  exerted  by 
the  action  of  a  single  pulse  on  the  drops  which  are  of  interest 
are  those  for  which  the  temperature  T  lies  in  the  range 


400°'K<7'^7'1,pA 


(10.65) 


Key:  a.  n 
b.  cr 


The  current  temperature  of  the  drop,  assuming  that  it 
is  uniformly  distributed  over  the  volume,  can  be  found  from 
the  simple  relation 


Cjjn  dT  =  L  dm, 


(10.66) 


from  which  we  can  easily  obtain  an  expression  for  |he  tern 
perature  of  the  drop  as  a  function  of  its  radius: 


(10.67) 


Key:  a.  n 


where 


o _ 6Z.  {Tfft  (Too) 

P  ClIL(Tu)£HTco)1  • 


(10.68) 


Key:  a.  n 


From  (10.67)  we  obtain  an  expression  for  the  final' radius  of 
the  drop,  after  the  action  on  it  of  a  single  pulse 


(10.69) 
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Key:  a.  f 
b.  n 


Figure  10.3  shows  the  results  of  calculations  for  the 

final  radius  of  a  drop  irradiated  by  a  single  radiation  pulse 

with  wavelength  10.6  |i.  We  note  that  in  the  general  case  the 

relation  between  the  final  radius  of  the  particle  and  the 

initial  radius  is  not  linear  since  the  difference  T  -  T 

n  ® 

and  the  value  of  0  depend  on  rQ. 


Fig.  10.3.  Results  of  calculations  of  the  final  radius 
of  a  drop  as  a  function  of  its  initial  radius  for  energy 
values  in  the  pulse  E^  »  2.00*103  joule/cm2, 

E2  *  2.66-103  joule/cm2,  Eg  -  2. 93 • 10^  joule/cm2 
Key:  a.  v 

Formula  (10.69)  implies  that  the  final  radius  of  the  drop 

can  only  be  equal  to  zero  when  ,T  »  T _  =  647°K,  when 

n  cr 

P  -  0,  since  L(Tcr)  =  0. 

The  formulas  which  were  considered  are  valid  when  the 
duration  of  the  pulse  is  less  than  the  time  in  which  the  di¬ 
mension  and  temperature  of  the  drop  can  change  to  any  noticeable 
extent.  Estimates  have  shown  that  this  time  must  be  on  the 
order  of  magnitude  of  10~4  sec. 

In  the  case  when  Tfi>  Tcr  we  should  expect  the  drop  to 

burst,  during  which  the  water  vapor  under  high  pressure  hits 
the  air  and  forms  a  compression  wave.  This  wave,  as  the 
estimates  show,  equalizes  the  vapor  pressure  in  the  medium 
surrounding  the  drop  at  a  distance  from  the  drop  approximately 
equal  to  10  rQ,  and  the  byproducts  of  the  burst  also  impart 

their  energy  to  the  air.  It  turns  out  that  the  time  in  which 
the  above-mentioned  phenomenon  takes  place  can  be  expressed  by 


the  simple  formula 


t  —  4t-  1  cen), 


Ux 


A> 


(10.70) 


Key:  a.  sec 


where  U  is  the  propagation  velocity  of  the  compression  wave. 

For  water  drops  with  a  radius  of  10  n  the  scattering  time  is 
a  quantity  on  the  order  of  magnitude  of  10“6  sec. 

5 .  The  action  of  radiation  on  a  polydispersed  aerosol, 
To  determine  the  radiation  action  on  a  polydispersed  aerosol  • 
we  must  know  how  the  distribution  function  by  dimension  foij 
the  particles  changes  due  to  this  action.  As  a  first  approxi¬ 
mation  we  can  assume  that  the  radiation  acts  on  each  poly¬ 
dispersed  aerosol  particle  independently.  This  assumption  is 
justified  by  the  fact  that  the  humidity  content  in  aerosol 
particles  per  unit  volume  is  considerably  less  than  the 
humidity  content  of  the  air  in  which  the  particle  is  found. 

Taking  into  consideration  the  assumption  which  was  made, 
we  can  easily  obtain  an  expression  for  the  distribution  func¬ 
tion  by  dimension  for  the  particles  f(r,t)  which  also  includes 
a  variable  for  time.  In  the  case  of  continuous  irradiation  of 
a  polydispersed  aerosol  with  an  initial  distribution  function 
by  dimension  for  the  particles  which  can  be  described  by  the 
gamma  distribution  [see  formula  (5.4)]  we  obtain  the  following 
expression  for  f(r,t): 


fir,  0- 


TO  V  fQ  ' 


r  ((*+!) 

i  _!!!_> 

(.  roi.fl)>1  70  {  }0  )e 
pr<  1, 


(10.71) 

(10.72) 


where  n  is  a  parameter  which  characterizesthe  halfwidth  of 
the  distribution,  S  *  0.494  quA*102t, 


and  rQ  is  the  most 


probable  radius  of  the  particle. 


Substituting  formulas  (10.71),  (10.72)  in  (7.3)  we  can 
calculate  the  three-dimensional  attenuation  coefficient. 
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In  the  case  of  large  particles  where  the  function  K  (p.  m)  ■*  2, 
we  obtain  a  sufficiently  simple  expression  for  the  three- 
dimensional  attenuation  coefficient  when  fi  -  2: 

a  (a,  0  -  2nN0  (S*  ■  |-  3?o$ + 3rJ)  '  (10.73) 


where  NQ  is  the  number  of  particles  per  unit  volume. 
For  small  and  ''soft"  particles 


V  r32n  (ft- 1)  (tg  P)  r-*r  fti +4) 

XL  55^ 

4  ,  8n*  (1  —  tq*  P)  (it-bS)  „lnSl 

'h  jS^  e  J 


(10.74) 


where*  le «  =  •  and  n  is  the  refractive  index  of  water. 

61  «—  t  *  ■ 


During  the  action  of  a  radiation  pulse  on  a  polydispersed 
aerosol,  the  distribution  function  of  the  particles  by  di¬ 
mension,  when  the  relation  between  the  final  and  initial  radius 
of  the  particle  can  be  considered  to  be  linear,  becomes  skewed, 
changing  the  most  probable  value  of  the  radius  of  the  particle. 
In  this  case  the  three-dimensional  coefficient  must  be  cal¬ 
culated  from  the  usual  formulas,  and  only  for  the  value  of  the 
most  probable  radius  we  must  take  the  quantity  r^k,  where  k 

is  a  parameter  which  depends  on  the  energy  of  the  pulse  and 
the  optical  cross  section  of  the  particle. 

The  approximate  vaporization  theory  of  spherical  particles 
under  the  action  of  powerful  continuous  quasilinear  and  optical 
pulse  radiation  is  the  first  attempt  to  describe  quantitatively 
a  very  complex  phenomenon.  The  degree  of  confidence  in  the 
theory,  as  usual,  can  be  determined  during  the  corresponding 
experimental  studies,  the  first  results  for  which  were  obtained 
in  articles  [727,  728],  However,  the  number  of  sources  used 
during  measurements  in  these  studies  was  too  small  to  enable 
us  to  make  definite  conclusions  about  the  agreement  of  theoreti¬ 
cal  and  experimental  values. 

We  also  note  that  the  vaporization  of  drops  is  by  far  not 
the  only  effect  which  accompanies  the  propagation  of  powerful 
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optical  radiation  in  a  polydispersed  water  aerosol.  When 
light  pulses  with  great  power  and  of  small  duration  act  on  a 
water  aerosol,  the  aerosol  particles  begin  to  move  in  a  direction 
which  is  determined  by  their  nonuniform  heating.  As  a  result 
of  such  directed  movement,  the  particles  may  coagulate. 

When  the  power  of  the  incident  radiation  on  the  aerosol 
is  great,  it  may  become  necessary'  to  take  into  account  the 
effect  of  light  pressure  which  can  be  calculated  without  great 
difficulty.  The  nonstationary  vaporization  of  water  aerosol 
particles  apparently  must  lead  to  the  formation  of  conditions 
under  which  the  radiation  in  the  beam  channel  is  defocused  and 
assumes  an  abnormal  refractive  direction. 

The  investigation  of  the  effects  described  and  their  ef¬ 
fect  on  the  vaporization  of  particles  are  future  tasks.  Now 
we  can  only  say  that  from  the  standpoint  of  energy  losses  in 
powerful  optical  radiation  the  vaporization  effect  in  the  water 
aerosol  is  the  dominant  effect  if  we  do  not  take  into  account 
the  losses  in  the  directed  radiation  flux  due  to  particle 
scattering. 

11.  The  Propagation  of  Bounded  Light  Beams  in  the  Turbulent 
Atmosphere 

A  light  wave  propagating  in  the  real  atmosphere  undergoes 
in  addition  to  energy  losses  caused  by  radiation  absorption 
and  scattering  phenomena  fluctuations  in  amplitude  and  phase 
due  to  the  random  space-time  distribution  of  the  refractive 
index  of  air.  The  latter  is  caused  by  turbulent  movements  in 
the  atmosphere  which  entail  random  changes  in  the  temperature 
and  in  the  refractive  index  related  to  it.  Estimates  have 
shown  that  variations  in  air  temperature  by  1°C  cause  a 
change  in  the  refractive  index  by  an  amount  which  is  on  the 
order  of  magnitude  10“6  [729],  The  amplitude  of  the  fluctua¬ 
tions  which  occur  in  the  temperature  at  a  given  point  attains 
values  equal  to  tenths  of  a  degree  and  the  fluctuation  period 
varies  from  milliseconds  to  seconds.  The  amplitude  of  the 
temperature  pulses  along  horizontal  paths  in  the  atmosphere 
can  reach  several  degrees  for  points  situated  from  one  another 
at  distances  on  the  order  of  magnitude  102  -  103  m  [730]. 

The  effect  of  space-time  fluctuations  in  the  refractive 
index  of  the  atmosphere  on  the  characteristics  of  unbounded 
plane  and  spherical  waves  has  been  studied  in  sufficient  de¬ 
tail  both  theoretically  and  experimentally.  In  the  well- 
known  monographs  of  V.  I.  Tatarskiy  [463,  731]  the  theory  and 
results  of  experimental  studies  are  discussed  systematically. 
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However,  the  theoretical  and  experimental  results  which  were 
obtained  for  unbounded  beams  generally  cannot  be  used  directly 
to  estimate  quantitatively  the  corresponding  parameters  of 
bounded  beams.  This  fact  makes  it  necessary  that  new  theoretical 
and  experimental  studies  be  carried  out  which  are  important  and 
valuable  in  an  applied  sense  in  connection  with  the  possibility 
of  using  bounded  laser  beams  in  communication,  information 
transmission,  range  and  distance  finding  systems,  and  other 
devices  designed  for  operation  in  the  atmosphere. 

In  this  chapter  we  discuss  the  main  results  obtained  in 
studies  of  the  effect  of  the  turbulent  atmosphere  on  the 
parameters  of  spatially  bounded  light  beams  under’  various 
propagation  conditions. 

1.  General  Considerations 

As  a  result  of  turbulent  movements  in  the  atmosphere, 
nonhomogeneities  are  formed  which'  extend  over  hundreds  of 
meters  and  above  (macrononhomogene^ ties)  up  to  dimensions 
1Q  on  the  order  of  magnitude 


/„~4/vs/e,  (11.1) 

The  quantity  lfl  is  called  the  internal  turbulence  scale,  v 

the  kinematic  viscosity,  e  the  thermal  energy  dissipation  rate 
of  the  nonhomogeneity.  The  dimension  1Q  near  the  surface  of 

the  earth  has  the  order  of  magnitude  of  1  mm. 


The  field  of  the  refractive  index  n  of  a  medium  with 
random  nonhomogeneities  is  usually  characterized  by  the  struc¬ 
tural  function  [463] 


£>n(r)  =  [/i(r,-f-r)-rt(fl)J*,  (11.2) 


where  r  is  the  distance  between  the  points. 

The  structural  function  for  the  temperature  field  is  in¬ 
troduced  analogously 


Dt  (r)  =  {T  (/■,  +  /■)-  T  (r,)l>. 


(11.3) 
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The  form  of  the  functions  Dn(r)  and  DT(r)  for  the  inertial 

interval  [731 ]  assuming  locally  isotropic  and  homogeneous 
turbulence  was  obtained  by  A.  U.  Obukhov  [732].  The  corresponding 
laws  were  named  the  two-third  Kolmogorov-Obokhov  equation: 


D*.(r)  =  C ‘nr*/., 
DT  (r)  = 


(11.4) 

(11.5) 


where  lo<r<Lot  I#- and  LQ  is  the  external  turbulence  scale. 

The  magnitudes  CR  and  CT  are  called  the  structural  con¬ 
stants  of  the  refractive  index  and  the  air  temperature  fluc¬ 
tuations  and  are  related  to  one  another  for  the  wavelengths 
0.5  |i  by  the  relation 


C„  «£-•/,]  =  CT  [epad.ci'-'t* ).  (11  •  6) 


Key:  a.  cm 

b.  mb 

c.  deg 


The  values  of  C  in  the  layer  of  the  atmosphere  near  the 
surface  of  the  earthnlie  in  the  range  10“7  to  10-9  cm~l/3 
[741].  Methods  for  determining  the  structural  constants  of 
the  refractive  index  are  based  on  the  use  of  data  for  the 
mean  values  of  the  characteristics  of  meteorological  fields 
[733,  846]  and  data  about  temperature  fluctuations  [847]. 

In  the  last  few  years  optical  methods  have  been  developed 
for  determining  Cn  [848  -  850 ]. 

The  mean  square  fluctuation  of  the  logarithm  of  the 
intensity  of  an  unbounded  plane  monochromatic  wave  propagated 
in  a  turbulent  atmosphere  is  defined  by  the  relation 

L 

o‘  =  2.24AV  j  C*„  (L -x)l'*dx,  (11 . 7) 

where  k  is  the  wave  number,  L  is  the  distance  covered  by  the 
wave  in  the  atmosphere. 

In  the  case  of  a  homogeneous  atmosphere  from  the  stand¬ 
point  of  turbulent  conditions,  C3  does  not  vary  over  the  entire 
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path  L  and  we  obtain  from  (11.7) 


<t=*l,23C*nk'W.  (11.8) 


The  quantity  Cn  does  depend  on  the  altitude  of  the  atmospheric 
layer : 


«(*)  =»«<*)  (-^)”a, 


(11.9) 


where  z^  is  a  fixed  altitude’  >  z„),  the  index  a  =  2/3  in  the 

presence  of  dynamic  turbulence  in  the  atmosphere  and  a  =  4/3 
in  the  case  of  free  convection  [463], 

The  formulas  for  the  variance  for  the  fluctuation  in  the 
logarithm  of  the  intensity  describe  correctly  the  case  of  so- 
called  weak  fluctuations  defined  by  the  condition  0  <  1.  , 

V.  I.  Tatarskiy  [851],  when  he  solved  the  wave  equation  using 
the  approximation  from  geometric  optics,  obtained  a  formula 
for  the  mean  square  fluctuations  in  the  logarithm  of  the 
amplitude  a ^  for  the  case  of  strong  fluctuations: 


oJ«  I-II+60*]-*/., 


which  agrees  well  with  the  experimental  data  in  [751],  even 
though  in  the  exi eriment  the  conditions  under  which  geometric 
optics  are  applicable  were  not  satisfied. 

The  mean  square  fluctuations  in  the  angle  of  arrival  for 
an  infinite  plane  wave  in  the  focal  plane  of  the  objective  are 
expressed  by  the  relation  [463] 


o$,  =  2, 86-‘/» sec 0  j  Cln{z)dz,  (11.10) 

*0 


where  6  is  the  zenith  distance  of  the  source,  zQ  is  the  alti¬ 
tude  at  which  the  receiving  objective  is  located,  and  b  is 
the  diameter  of  the  objective. 
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The  measurements  which  were  carried  out  by  L.  R.  Tsvang 
[734]  from  airplanes  have  shown  that  formula  (11.9)  with 
a  =  4/3  is  valid  up  to  altitudes  at  which  cumulus  clouds  are 
formed.  Taking  infinity  for  this  altitude,  we  can  obtain 
immediately  from  (11.10)  and  (11.9)  a  simple  expression  for 
0^  £735]: 


0*  =  2,86"'/*  sec  0  2o3C£  (z0). 


(11.11) 


The  quantity  0^  is  related  to  the  frequency  spectrum  of 
the  fluctuations  of  the  angles  of  arrival  by  the  relation 


(11.12) 


In  article  [736]  a  formula  was  derived  for  the  frequency 
spectrum  of  the  fluctuations  in  the  angles  of  arrival  for  the 
case  of  a  homogeneous  turbulent  atmosphere: 


</)  —  0,O46o5,  sill* 


(11.13) 


where  f  is  the  frequency,  v.^  is  the  wind  velocity  component 

which  is  perpendicular  to  the  direction  in  which  the  wave 
propagates  for  a  congealed  turbulence  model. 

2.  Theoretical  Studies  of  the  Fluctuations  in  the  Parameters 
of  Bounded  Beams  Propagating  in  the  Atmosphere 

A.  I.  Kon  and  V.  I.  Tatarskiy  [737]  derived  an  expression 
which  can  be  used  to  calculate  fluctuations  in  the  phase  and 
the  effective  expansion  of  a  bounded  beam  propagating  in  a 
turbulent  atmosphere. 

The  problem  was  solved  approximately  using  the  Rytov- 
Obukhov  method  of  smooth  perturbations.  In -the  expression  for 
the  logarithm  of  a  small  perturbation  in  the  field  which 
represents  the  solution  of  the  wave  equation  and  is  expressed 
in  terms  of  the  characteristics  of  the  incident  and  perturbing 
fields  as  follows: 


N>i  =  I? ^0 -  in  +  i  (s - So) 


(11.14) 
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(A,  Aq  and  s,  sQ  are,  respectively,  the  amplitude  and  phase  of 

the  perturbed  and  incident  fields)  the  value  of  the  unperturbed 
field  is  substituted,  the  amplitude  of  which  is  distributed 
over  the  cross  section  of  the  beam  in  accordance  with  the  law 

Ao=A;exp(-£±£*) ,  (11.15) 


where  A^  is  the  amplitude  of  the  incident  wave  on  the  beam 

axis,  a  are  the  dimensions  of  the  beam,  y  and  z  are  coordinates 
in  the  plane  of  the  beam  cress  section  which  is  propagated  in 
the  direction  of  the  x-axis.  Next^  the  expression  is  written  ‘ 
for  the  structural  fluctuation  function  of  the  phase  which 

contains  the  quantity  s^  =•  Imi^.  Next,  the  integrals  in  the 

expression  D  are  evaluated  approximately  using  the  conditions 

S 

g  =  2Uka'  «  1  (ittii'a'  »  XL),  (11.16) 

#>X9L%  (11.17) 

Key:  a.  or 

If  only  the  fluctuations  in  the  propagating  direction  are 
determined,  the  values  of  Dg  are  used  for  |p|<^/0,  where 

P  =  PiTf*  Pi  and  p2  are  the  radius-vectors  of  points  in  the 

plane  x  -  L.  For  D  in  the  geometric  optics  approximation 

9 

(VXL  </<>)  t  a  for»ula  is  obtained  which  differs  from  the  correspond¬ 
ing  expression  in  the  case  of  an  infinite  plane  wave  by  small 
corrections.  When  the  expression  for  Dg  is  found  when 

(an  important  case  in  practice)  the  parameter  0  is  introduced: 

0*=2Z,*xi,/A*aV  (11.18) 

where  x  is  the  wavenumber  which  characterizes  the  internal 

la 

turbulence  scale.  The  parameter  0  characterizes  the  ratio  of 
the  width  of  the  diaphragmed  beam  to  the  geometric  width  of  the 
beam. 
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In  the  asymptotic  case '  ® >  1  . the  following  expression 
is  obtained  for  the  structural  function  D_ 

5 


D,(p,  R)  —  QA&k'a&nkn1*?'  in  20J  x  ' 


(11.19) 


where  ,F,  is  a  singular  hypergeometric  function,  R  is  t^e 
numerical  value  of  the  vector.  (^4.  (the  vectors  p  and 

m 

R  are  assumed  to.be jparallgl,  and* the  line  which  connects  the 
observation  points  and  pg  passes  through  the  center  of1  the 

beam).  Formula  (11.19)  differs  considerably  from  the  correspond¬ 
ing  expression  for  D  in  the  case  of  an  infinite  wave. 

s 

Using  (11.19),  the  authors  of  [737]  found  an  approximate, 
expression  for  the  effective  mean  square  fluctuation  of  the 
angle  of  arrival 


0^  0, \Cnkaiy*  In  20*.  (11.20) 


Key:  a.  eff 


which  implies  that  for  large  8  (large  L)  increases  much 

vef  f 

more  slowly  as  the  distance  increases  (it  becomes  proportional 
to  InL,  not  to  L,  as  in  the  case  of  an  infinite  wave).  This 
is  explained  by  the  fact  that  in  the  case  of  a  bounded  beam 
the  scattered  waves  ",±'e  ejected  from  the  beam  when  L  is  large 
and  no  longer  contributes  to  the  fluctuation.  •  When  8  =>  10 
(beam  width  50  cm,  1q  1  mm,  L  =  5  km,  \  =  0.5  u)  0^  differs 

by  a  factor  of  4  from  the  value  calculated  from  formula  (11.10) 
for  an  infinite  wave.  It  should  be  noted  that  by  o^eff 

we  mean  the  value  of  which  is  obtained  by  averaging  over 
the  cross  section  of  the  beam  when  the  distribution  of  the 
amplitude  (11.15)  is  taken  into  account. 

In  [737]  a  formula  was  also  obtained  which  can  be  used 
to  determine  the  linear  expansion  of  the  beam  as  a  function 
of  the  distance  covered  by  it  in  the  turbulent  medium.’  The 
random  expansion  of  the  beam  on  the  path  L  is  equal  to 
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(11.21) 


i 

/?=  jA<p(x)dx. 
o 


i 


asJ!{ 


Assuming  that  the  linear  correlation  coefficient  for 
lx)  .  is  close  to  one  [738]  and  using  (11.20)  the  authors 


of  [737]  obtained  for  the  formula 


ftp  V  <R*}  ■  const  dnllJ*  (ka  In  !))’/•  /„ 


(11.22) 


which  shows  that  for  large  L  (0C$>  1)  R 
L,  not  L3/2,  as  in  the  case  0<1. 


eff 


is  proportional  to 


Calculations  of  the  amplitudes  of  the  fluctuations  in  a 
specially  bounded  beam  have  shown  that  the  corresponding  ex¬ 
pression  for  a2  differs  from  the  expression  (11.7)  in  the  case 
oj  an  unbounded  wave  by  small  corrections  on  the  order  of  magnitude 
8  • 


Formula  (11.15).  which  describes  the  distribution  law  for 
the  amplitude  of  the  wave  over  the  cross  section  of  the  beam 
does  not  always  correspond  to  the  conditions  of  the  experi¬ 
ment;  however,  the  authors  of  [737]  emphasize  that  the  basic 
qualitative  conclusions  obtained  in  the  article  remain  valid 
even  if  the  functions  Aq  ( y ,  z)  are  expressed  differently. 

Z.  I.  Feyzulin  and  Yu.  A.  Kravtsov  [739]  considered  the 
problem  of  the  expansion  of  a  spatially  bounded  beam,  propagat 
ing  in  a  turbulent  atmosphere.  In  the  study  they  took  into 
account  both  the  beam  spreading  and  its  defractive  expansion 
and  oscillation  of  the  entire  beam  about  the  propagation 
direction.  The  total  expansion  of  the  beam  is  written  in  the 
form 


(p*)  =  V  +  Pe.  (11.23) 


where 


PJ/,(P)dp  (11.24) 

i  Mp)<£ 
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(11.25) 


(Pi.  P2)  U  (Pi)  !t  (Pd  %  dPa 


pj  = 


(|  /.(p)dp)* 


-2 

The  term  p  characterizes  the  oscillation  of  the  entire  beam 

C  i  _ 

about  the  propagation  direction,  .  Ap2  <.  defines  the  expansion 
of  the  beam  relative  to  the  disturbed  position  of  its  center. 
In  [739]  expressions  are  derived  for  the  mean  intensity  of 
the  field  I  (p)  at  the  point  with  radius-vector  p  and  the 

correlation  function  of  the  intensity  k 

in  the  plane  S  which  is  perpendicular  to  the  direction  in 
which  the  beam  is  propagated.  The  propagating  wave  is  con¬ 
sidered  to  be  constant.  The  method  of  smooth  perturbations 
is  used  in  computing  the  statistical  characteristics  which 
enter  the  unknown  expressions  [463]. 

We  give  one  of  the  terms  in  the  expression  for  (p4>, . 
which  was  obtained  in  [739],  which  characterizes  the  expansion 
of  the  beam  due  to  the  scatter  of  the  fluctuations  in  the 
refractive  index  of  air  in  the  case  of  isotropic  turbulence: 


^AD*(0)  =  2,19Cyo-l/»L8, 


(11.26) 


where  is  the  structural  function  of  the  complex  phase. 

The  expression  for  f'  simplifies  considerably  in  the 
case  of  a  gauss ian  distribution  of  the  field  in  the  cross 
section  of  the  beam: 


<P*>  -  a*  -I-  +  2, 19 W.  (11 . 27) 


The  last  formula  does  not  imply  that  the  width  of  the 
beam  increases  more  slowly  as  the  distance  increases  when  L 
is  large,  a  result  obtained  in  article  [737].  The  authors 
of  [739]  attribute  the  different  results  to  the  fact  that  in 
their  work  and  in  article  [737]  different  measures  were  adopted 
for  the  width  of  the  beam. 

Next,  two  specific  cases  when  the  "center  of  gravity"  of 
the  beam  oscillates  are  analyzed  in  [739]:  the  case  of  large 
scale  nonhomogeneities,  when  the  dimensions  of  the  beam  are 
much  smaller  than  the  dimensions  of  the  nonhomogeneities,  and 
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the  case  of  small  scale  nonhomogeneities  (the  dimensions  of 
the  nonhomogeneities  are  much  smaller  than  the  width  of  the 
beam) .  It  is  shown  that  in  the  first  case  the  beam  does  not 
expand,  but  the  entire  beam  is  shifted  about  the  propagation 
direction.  The  second  case  cannot  be  analyzed  easily  quanti¬ 
tatively.  Qualitative  considerations  imply  that  the  displace¬ 
ment  of  the  "center  of  mass"  of  the  beam  must  be  insignificant 
in  this  case. 

The  total  expansion  of  the  beam  was  determined  in  [739] 
for  the  following  values  of  the  parameters:  a  *  35.7  cm, 

1Q  »  0.1  cm,  X  *  0.5  |i,  CR  =  0.02*10"6  cm-1'3,  and  the  dis¬ 
tances  Lj  «  15  km,  Lg  =  145  km,  which  turned  out  to  be  equal, 
respectively,  to  about  91  cm  and  25.5  m. 

We  will  briefly  characterize  the  results  which  were  ob-  . 
tained  in  other  theoretical  studies.  An  analysis  of  the 
quantitative  data  from  the  theory  for  fluctuations  in  the 
parameters  of  a  las*"*  beam  propagated  in  a  turbulent  atmosphere 
as  applied  to  the  operation  of  laser  systems  was  carried  out 
in  the  survey  article  of  Davis  [744].  In  the  work  of  Fried  and 
Seidman  [745]  an  estimate  is  given  for  the  variance  of  the 
logarithm  of  the  amplitude  for  a  laser  beam  propagating  along 
a  horizontal  path  in  the  atmosphere. 


Hufnagll  and  Stanley  [750  ]  developed  a  statistical  trans¬ 
fer  theory  for  optical  images  in  the  atmosphere.  In  [750] 
a  formula  was  derived  for  the  optical  transfer  function  which 
characterizes  the  transfer  coefficients  of  three-dimensional 
frequencies  in  the  atmosphere: 

Ai(X/?/)«e“5M<[S<P,,,>* 


where  f  =  p/XR  is  the  three-dimensional  frequency,  p  are  the 
linear  dimensions  of  the  observed  object,  R  is  the  focal 
distance  of  the  receiver  lens 


<Sl>  =  2,91/55/»  j  Cl„{z')dz\ 
I) 


The  angular  brackets  show  sufficiently large  averaging  over 
time. 
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Fried  [742,  743]  studied  theoretically  the  effect  of  the 
turbulent  state  in  the  atmosphere  on  the  optical  resolution 
determined  by  the  optical  transfer  function  during  long  and 
short  photographic  exposures  and  also  the  limiting  resolution 
of  images  obtained  from  photographs  taken  from  top  to  bottom 
throughout  the  atmosphere. 

Several  quantitative  estimates  for  the  effect  of  atmo¬ 
spheric  turbulenc1  on  the  parameters  of  spatially  bounded 
light  beams  were  also  obtained  in  articles  [740,  746  -  749, 

752]  and  others.  In  article  [747]  +he  limiting  dimensions  of 
the  radiation  source  and  receiver  wers  determined  for  which  a 
disturbance  in  the  spatial  coherence  of  a  light  beam  caused 
by  atmospheric  turbulence  does  not  yet  occur.  The  authors 
of  article  [749]  estimated  the  limiting  dimensions  of  the 
diameter  of  the  cross  section  of  the  light  beam  beyond  which 
the  turbulent  movements  in  the  atmosphere  sharply  decrease 
the  spatial  coherence  of  the  beam.  In  [740  ]  an  expression 
was  obtained  for  the  normalized  variance  of  the  intensity 
fluctuations  by  averaging  over  the  aperture  which  is  called 
the  aperture  averaging  factor.  The  dependence  of  the  flicker 
intensity  of  the  source  on  its  angular  dimensions  is  investi¬ 
gated  in  article  [752]. 

3.  Experimental  Studies  of  the  Fluctuations  of  Parameters 
in  Spatially  Bounded  Beams  Propagating  in  the  Tur¬ 
bulent'  Atmosphere 

1.  Fluctuations  In  Intensity.  The  fluctuations  in  the 
intensity  of  a  spatially  bounded  laser  beam  propagating  in  a 
turbulent  atmosphere  depend  on  the  meteorological  conditions, 
the  optical  length  of  the  beam  path,  the  diameter  of  the 
aperture  of  the  source  and  receiver,  the  receiver  time  con¬ 
stant,  the  measurement  time  (exposure),  the  radiation  wave¬ 
length,  and  beam  focusing. 

The  following  quantities  are  adopted  as  a  quantitative 
measure  of  the  fluctuations  in  the  intensity  I  of  a  beam  in 
the  theory: 

o*  =  (in  /—  itT7y\ 

or  [759] 


M*  =  /*(/)//  (0s, 

TO-  JiUff  J  '«>* 

— T 


(11.28) 


(11.29) 
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/*(/)- 1 im  ~  j  [/(/)-/ (01’^.  (11.30) 


and  the  standard  deviation  from  the  mean  of  the  measured  sig¬ 
nal  is 


<Tn  =  K/W*. 


(11.31) 


The  quantities  measured  in  the  experiment  are 


■V 


(11.32) 

N 

(11.33) 

<~1 

,  77-7* 

• 

(11.34) 

When  the  fluctuations  in  the  intensity  I  are  distributed 
according  to  the  lognormal  law,  and  c2  are  related  by 

o*  =  ln(H-of).  (11.35) 


A  general  idea  about  the  character  and  amplitude  of.  the 
fluctuations  in  the  intensity  of  the  signal  can  be  obtained 
from  Figs.  11.1  and  11.2  which  give  the  recorded  signals  ob¬ 
tained  in  articles  [751]  and  [766]. 

Figs.  11.3  -  11.5  give  the  values  of  o  vs  the  distance 
between  the  source  and  receiver,  the  divergence  angle  of  the 
laser  beam,  and  the  aperture  diameter  of  the  receiver  [755]. 

In  all  diagrams  the  curves  pass  through  points  which  correspond 
to  the  mean  arithmetic  value  of  o,  and  the  vertical  line  seg¬ 
ments  indicate  the  range  of  values  of  o  in  individual  measure¬ 
ments,  due  both  to  measurement  errors  and  to  changes  in  the 
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(11.30) 


T 


and  the  standard  deviation  from  the  mean  of  the  measured  sig 
nal  is 


(11.31) 


The  quantities  measured  in  the  experiment  are 


<v 


7-42'" 

(11.32) 

i-t 

i¥ 

(11.33) 

i-t 

Q 
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< 
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When  the  fluctuations  in  the  intensity  I  are  distributed 
according  to  the  lognormal  law,  and  o2  are  related  by 

o*  =  ln(l+oft.  (11.35) 


A  general  idea  about  the  character  and  amplitude  of  the 
fluctuations  in  the  intensity  of  the  signal  can  be  obtained 
from  Figs.  11.1  and  11.2  which  give  the  recorded  signals  ob¬ 
tained  in  articles  (751]  and  [ 766 ] . 

Figs.  11.3  -  11.5  give  the  values  of  cr  vs  the  distance 
between  the  source  and  receiver,  the  divergence  angle  of  the 
laser  beam,  and  the  aperture  diameter  of  the  receiver  [755]. 

In  all  diagrams  the  curves  pass  through  points  which  correspond 
to  the  mean  arithmetic  value  of  o,  and  the  vertical  line  seg¬ 
ments  indicate  the  range  of  values  of  a  in  individual  measure¬ 
ments,  due  both  to  measurement  errors  and  to  changes  in  the 
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Fig.  11.1.  Example  of  recorded  fluctuation  in  signal 
propagated  in  the  atmosphere  according  to  the  data 
in  article  [751] 

Key:  a.  sec 


meteorological  conditions  during  which  the  measurements  were 
made.  All  curves  were  obtained  using  a  laser  based  on  a 
helium  and  neon  mixture  with  wavelength  \  =  6328  I  which 

night ted  ^  a  continuous  mode*  The  measurements  were  made  at 


Fi?n  Exa®ple  of  the  values  of  the  signal  propagated 

data  in“?uSerf7!!]a  1U"Cti0n  °f  Ume  accordiI*  to 


Key: 


a.  power  of  the  signal  received  (arbitrary 

units) 

b.  time,  sec 

c .  background 
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Curve  11.3  was  constructed  on  the  basis  of  measurements 
made  on  paths  0.1,  0.25  and  1.2  km  long.  At  the  end  of  each 
path  a  plane  rotary  mirror  was  placed.  Thus  the  light  beam 
covered  during  the  measurements  distances  of  0.2,  0.5  and  2.4  km. 
The  diameter  of  the  beam  at  the  output  of  the  collimating 
system  was  equal  to  14.4  cm,  the  beam  divergence  was  10"  for 
the  distances  L  *  0.2,  0.5  km,  and  17"  for  a  distance  of 
2.4  km.  The  diameter  of  the  receiver  aperture  was  equal  to 
4  mm  for  L  =  0.2,  0.5  km  and  14  mm  for  L  s  2,4  km.  It  can 
be  seen  from  the  diagram  that  in  the  range  of  values  for  the 
distance  investigated  ,  the  quantity  a  varied  approximately  by 
a  factor  of  1.5.  Since  distances  between  0.5  and  2.4  km  are 
not  available,  no  definite  answer  can  be  given  to  the  problem 
of  the  saturation  in  the  relation  between  o  and  L'.  We  note 
that  in  article  [751 ]  a  more  pronounced  dependence  of  o  on 
L  was  discovered  than  that  plotted  in  Fig.  11.3.  In  the  work 
of  Buck  [766]  saturation  in  the  quantity,  a  was  detected  at 
a  distance  of  0.55  km. 

When  the  dependence  of  the  quantity  er  on  the  angular 
beam  divergence  was  measured,  the  latter  varied  from  10"  to 
90"  when  the  diameter  of  the  beam  at  the  output  from  the 
collimated  system  was  equal  to  12.5  cm,  the  measurement  dis¬ 
tance  was  500  m,  and  the  diameter  of  the  input  aperture  of  the 
receiver  was  1.6  mm. .  It  can  be  seen  from  the  curve  in  Fig.  11.4 
that  as  the  expansion  angle  a  of  the  beam  increases  from 
10"  to  50"  the  value  of  o  decreases,  and  as  a  increases  further 
o  also  increases. 


Fig.  11.3.  o  vs  the  distance  L  between  the  source  and 
receiver  according  to  the  data  in  [755] 


-451- 


Fig.  11.4. 
according 


o  vs  the  laser  radiation  divergence  angle 
to  the  data  in  l 755] 


Fig.  11.5.  a  vs  the  aperture  diameter  of  the  receiver 
according  to  the  data  in  [755] 


When  the  dependence  of  a  on  the  aperture  diameter  of  the 
receiving  system  D  was  measured  (see  Fig.  11.5);  the  latter 
was  equal  to  0.2,  0.8,  2.4,  6.0,  8.0  and  10.0  cm,  the  distance 
was  L  =  0.5  km,  the  beam  diameter  at  the  output  from  the 
collimating  system  was  12.5  cm  and  the  angular  expansion  was 
70H.  As  D  increased  from  0.2  to  8.0  cm  the  value  of  a  de¬ 
creased  approximately  by  a  factor  of  3  when  D  =  10  cn*  the 
measured  value  turned  out  to  be  slightly  larger  than  when 
D  =  8  cm. 

A  detailed  study  of  the  relation  between  the  fluctuations 
in  the  intensity  of  the  radiation  from  a  gas  laser  with 
wavelength  0.63  p  (the  beam  diameter  at  the  0.7  level  was  equal 
to  3.5  mm)  and  the  diameter  of  the  receiving  aperture  using 
a  measurement  path  8  km  long  was  carried  out  by  Fried  [768 J. 
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The  results  of  the  measurements  have  shown  that  the  variance 
oz  decreases  as  the  diameter  of  the  receiving  aperture  increases 
from  0.1  to  10  cm.  A  further  increase  in  the  diameter  up  to 
1  m  had  practically  no  effect  on  changes  in  the  values  of  o2. 

For  all  values  of  the  diameter  of  the  receiving  aperture  it 
was  discovered  that  the  intensity  obeyed  a  lognormal  distribu¬ 
tion.  The  variance  of  the  fluctuations  in  intensity  which 
were  calculated  by  Fried  [854]  on  the  basis  of  formulas  in 
the  existing  theory  [731]  for  various  values  of  the  receiving 
aperture  contradicted  the  values  obtained  in  his  own  experiment 
when  the  receiving  apertures  were  large.  In  this  respect  a 
hypothesis  is  proposed  in  [768]  that  two  independent  effects 
must  exist  which  determine  the  value  of  the  variance  of  the 
fluctuations  in  the  intensity  of  a  beam  which  is  propagated 
in  a  turbulent  atmosphere.  One  effect  is  such  that  the  in¬ 
tensity  is  normally  distributed  and  the  other  such  that  it 
is  lognormally  distributed  when  the  apertures  are  large.  How¬ 
ever,  the  dominant  role  is  played  by  the  second  effect.  We 
note  that  a  discrepancy  between  the  theory  of  weak  fluctuations 
and  the  experiment  has  also  been  discovered  when  the  values  of 
the  receiving  apertures  were  large  during  experimental  studies 
carried  out  in  the  author’s  laboratory  [754].  The  measurements 
were  made  with  a  receiving  aper,ture  70  cm  wide.  The  diameter 
of  the  light  beam  at  the  output  and  its  divergence  were  equal 
to  25  cm  and  30',  respectively.  The  value  of  the  variance 
of  the  fluctuations  in  these  measurements  turned  out  to  be 
larger  than  that  forecast  by  the  theory,  and  the  intensity 
was  lognormally  distributed.  In  addition,  within  the  limits 
of  measurement  errors,  no  dependence  was  discovered  between 
the  value  of  the  variance  between  the  fluctuations  and  the 
radiation  wavelength. 

In  article  [766]  in  measurements  with  a  large  receiving 
aperture  diameter  when  the  entire  beam  was  intercepted  by  the 
receiving  system,  a  value  smaller  than  0.02  was  obtained  for 
a,  for  which  the  signal  could  be  considered  practically  stable 
and  independent  of  time.  This  fact  indicated  that  the  fluc¬ 
tuations  in  the  signal  caused  by  the  corresponding  changes  in 
the  molecular  absorption  and  aerosol  scattering  during  the 
measurements  were  small. 

The  authors  of  articles  [767]  and  [755]  investigated  the 
distribution  of  the  intensity  of  beams  from  lasers  with  wave¬ 
lengths  6328  A  propagating  in  the  atmosphere  over  various  dis¬ 
tances.  In  the  first  article  the  measurements  were  made  at 
distances  of  4.5  and  14.5  km  with  a  beam  with  0.35  cm  diameter 
when  it  entered  the  atmosphere.  In  [755]  a  beam  with  an  initial 
diameter  of  1.4  cm  was  used  at  distances  of  0.2,  0.5,  2.4  and 
7.0  km.  In  [767]  68,  in  [755]  28  intensity  distributions  were 
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developed  out  of  which  51  and  23,  respectively,  turned  out  to 
be  lognormal. 

Chu  [855]  studied  the  fluctuations  in  the  intensity  of 
radiation  from  three  lasers  with  different  wavelengths:  0.63, 
3,51  and  10.6  n.  The  measurements  were  carried  out  over  a  path 
2.6  km  long  with  values  of  the  receiving  aperture  equal  to 
5,  12.5  and  15  cm,  respectively,  for  the  three  wavelengths 
mentioned  above.  The  fluctuation  spectrum  of  the  intensity 
was  investigated  with  the  aid  of  a  spectral  analyzer.  Up  to 
frequencies  100  Hz  the  signal  decreases  exponentially  with 
the  frequency.  When  the  frequencies  are  large,  the  signal 
does  not  decrease  as  rapidly,  which  is  possibly  due  to  the 
effect  of  noise  from  the  ground.  The  dependence  of  the  fluctua 
tions  in  intensity  on  the  emitted  wavelengths  was  not  as  fast 
&&  Which  is  obtained  theoretically  from  a  congealed 

turbulence  model.  This  result  cannot  be  explained  by  the  dif¬ 
ferent  values  of  the  receiving  apertures  during  measurements 
with  different  wavelengths. 

In  Hohn's  work  [769]  the  frequency  spectra  of  fluctua¬ 
tions  in  the  intensity  of  a  laser  beam  (\  =  6328  A)  were 
studied  with  an  initial  diameter  of  0.35  cm  for  distances  of 
4.5  and  14.5  km.  It  turned  out  that  the  normalized  spectrum 
of  the  fluctuations  in  light  intensity  U(f),  where  f  is 
the  frequency,  does  not  depend  much  on  the  diameter  of  the  re¬ 
ceiving  aperture  which  was  varied  in  the  experiments  from 
0.5  to  8.0  cm.  In  [769]  data  were  also  obtained  for  the 
characteristic  frequency  of  the  fluctuations  or  the  frequency 
which  corresponds  to  the  maximum  in  the  curve  U(f).  The 
relation  for  this  frequency  which  was  obtained  as  a  function 
of  the  distance  and  the  mean  wind  velocity  component  which  is 
perpendicular  to  the  direction  in  which  the  light  is  propagated 
differed  from  that  forecast  by  the  theory  and  also  from  the  re¬ 
lation  obtained  from  the  empirical  formula  developed  by  V.  I. 
Tatrskiy  [463].  This  relation  agreed  satisfactorily  with  the 
corresponding  experimental  values  obtained  by  Ryznav  [761]. 

Figure  11.6  shows  the  spectra  U(f)  for  various  values  of 

the  diameter  of  the  receiving  aperture  obtained  in  one  series 

of  measurements  in  [769].  The  values  of  the  frequency 

f  which  correspond  to  the  maximum  o‘f  the  curve  U(f)  were 
m  . 

varied  from  measurement  to  measurement  in  an  interval  approxi¬ 
mately  from  40  to  140  Hz.  The  distribution  halfwidth  was 
varied  between  the  limits  from  4  to  18.  By  the  distribution 
halfwidth  we  mean  the  quantity 


W.  «/*//«.  (11.36) 
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where  f9  and  f^  are  frequencies  which  satisfy  the  condition 


(11.37) 


Fig.  11.6.  Spectra  of  the  function  U(f)  for  various 
values  of  the  receiving  aperture  according  to  the  data 
from  one  series  of  measurements  in  article  [769] 

Key:  a.  Hz 


A  study  of  the  three-dimensional  structure  of  pulse 
radiation  from  lasers  propagating  in  a  turbulent  atmosphere 
was  carried  out  in  the  author’s  laboratory  [770],  The 
measurements  were  carried  ou^with  a  ruby  laser  (wavelength 
0.69  p)  which  operated  in  the^free  generation  mode  (the 
duration  of  the  individual  pulses  was  on  the  order  of  magni¬ 
tude  of  0.5  msec,  with  power  of  several  hundreds  of  watts, 
and  beam  divergence  6*).  The  structure  of  the  radiation  from 
the  laser  was  studied  at  distances  from  the  source  equal  to 
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0.25,  1.2,  3.5  and  10  km.  The  corresponding  pictures  of  the 
structures  were  photographed  from  screens  mounted  at  the  dis-  ^  I 

tances  mentioned  above.  The  use  of  neutral  filters  made  it 
possible  to  obtain  photographs  with  normal  blackness.  The 
photometering  of  cross  sections  of  the  images  which  were  ob¬ 
tained  was  carried  out  in  such  a  way  that  not  less  than 
10  intensity  measurements  were  made  in  the  region  where  the 
theoretical  value  of  the  correlation  radius  was  approximately 

equal  to'  Y'kL  i  [731].  In  each  frame  2-6  profiles  were  phot- 
metered  vertically  and  1  profile  across  the  frame.  The  photo- 
metered  profiles  were  processed  on  an  electronic  computer, 
with  the  aid  of  which  the  correlation  functions  for  the  fluc¬ 
tuations  in  the  intensity,  the  variance  and  the  mean  intensity 
value  were  calculated. 

TABLE  11.1 

VALUES  OF  THE  CORRELATION  RADIUS  p  DETERMINED 
EXPERIMENTALLY  AND  THEORETICALLY 


PlCCTOMIMe 

L,  KM 

SKCIICpHUIHTUlhNUO  SIla'ICMHtl 

P.f*  £ 

c. 

PtcietHoe 

axawciiHe 

P.  CM 

Witaio  4>oto- 

MCTIMVeCKHX 
pi 3 pCSOS 

HKWvf*' 

MJUlbHOe 

m«kch-£ 

M  3/1 L  HOC 

CfWjj^O 

0,25 

4.7 

17 

9.1 

1.3 

37 

1.2 

4 

12,8 

10  . 

2.9 

23 

3,5 

3 

14 

9,5 

4,9 

15 

10,0 

— 

— 

8.1 

8,3 

52 

a. 

distance,  L,  km 

b. 

experimental  values 

of  p,  cm 

c. 

calculated  value  of 

p,  cm 

d. 

number  of  photometric  profiles 

e. 

minimum 

f . 

maximum 

g- 

mean 

Table  11.1  gives  the  values  of  the  correlation  radius 
which  was  determined  by  processing  the  experimental  data  and 
from  calculations  using  the  formula  ()  _  y JX, 


-456- 


An  analysis  of  the  experimental  data  obtained  from  the 
standpoint  of  the  distribution  for  the  intensity  has  shown 
that  for  the  distances  0.25,  1.2  and  3.5  km  these  do  not  deviate 
from  the  normal  distribution  of  the  natural  logarithm  of  the  in¬ 
tensity.  In  this  case,  using  formula  (11.35)  we  can  determine 
the  value  of  o2  from  the  experimental  data.  Whan  the  measure¬ 
ments  were  carried  out  at  a  distance  of  10  km.  it  was  discovered 
that  the  intensity  does  not  obey  a  lognormal  distribution. 

In  the  case  when  the  intensity  has  a  lognormal  distribution 
the  relation  between  a2  and  the  distance  and  the  divergence 
angle  of  a  laser  beam  were  determined.  It  turned  out  that  the 
value  of  o2  increases  up  to  a  distance  of  L  *  3.5  km  and  then 
drops  slowly.  The  curve  for  o2  as  a  function  of  the  beam 
divergence  cp  has  a  minimum  which  occurs  for  a  value  of  cp  which 
is  approximately  50”.  We  note  that  for  the  value  of  cp  we  have 
here  taken  the  value  of  the  beam  divergence  which  is  determined 
from  the  dimensions  of  the  radiation  spot  and  the  distance 
during  measurements  on  paths  of  short  length. 

Experimental  data  for  fluctuations  in  the  intensity  of 
narrow  light  beams  were  also  obtained  in  articles  [753,  758, 

760,  762  -  765,  892].  The  relation  between  the  intensity  of 
the  fluctuations,  their  frequency  spectrum  for  the  radiation 
from  a  gas  laser  (X  -  0.63  n)  and  the  diameter  of  the  receiv¬ 
ing  aperture  which  varied  from  3.5  to  50  cm  was  investigated 
in  article  [758].  Fluctuations  in  the  polarized  radiation 
from  the  same  laser  due  to  the  fluctuations  in  intensity  were 
investigated  in  [765]  at  a  distance  of  5  miles  in  the  layer 
of  the  atmosphere  near  the  earth's  surface.  Additional  detailed 
studies  must  be  made  to  explain  the  nature  of  the  fluctuations 
in  the  polarized  radiation  which  were  discovered  in  order  to 
be  able  to  separate  with  sufficient  accuracy  the  fluctuations 
measured  into  components  caused  by  atmospheric  aerosols  and 
turbulent  nonhomogeneities  in  the  atmosphere. 


I 

S: 


Fluctuations  in  the  intensity  of  a  projector  beam  in  the 
layer  of  the  atmosphere  near  the  earth's  surface  at  distances 
from  1  to  30  km  were  investigated  in  article  [892].  The  dis¬ 
tribution  of  the  logarithm  of  the  fluctuations  in  intensity 
turned  out  to  be  approximately  normal.  In  [892]  the  frequency 
spectrum  of  the  fluctuations  in  intensity  and  the  degree  of 
modulation  of  the  radiation  by  the  atmosphere  was  also  investi¬ 
gated  for  various  diameters  of  the  receiving  aperture,  the 
values  of  which  varied  from  13  to  4  cm.  By  the  degree  of 
modulation  we  mean  the  ratio  of  the  mean  amplitude  of  the 
signal  to  its  mean  value.  It  turned  out  that  the  degree  of 
modulation  is  inversely  proportional  to  the  diameter  of  the 
receiving  aperture.  For  small  values  of  the  latter,  saturation 
was  discovered  in  the  relation  investigated. 


* 
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2 .  Changes  in  the  Beam  Diameter  With  the  Distance.  Tur¬ 
bulent  movements  in  the  atmosphere  cause  expansion  of  the  beam 
diameter  in  addition  to  the  expansion  caused  by  geometric  and 
diffractive  expansion.  So  far  this  problem  has  not  been  studied 
adequately. 

In  articles  [757,  766,  770 ]  some  data  were  obtained  which 
can  be  used  to  estimate  the  possible  expansion  in  beams  emitted 
from  lasers  under  various  conditions  in  the  atmosphere.  Dur¬ 
ing  measurements  which  were  made  at  a  distance  of  15  and  145  km, 
the  beam  divergence  increased  by  8"  and  13",  respectively 
[757].  In  article  [766]  on  the  basis  of  the  results  obtained 
from  measurements  of  the  diameter  D  of  the  beam  at  various 
distances  up  to  145  kilometers  with  an  initial  diameter  of 
10  cm  at  night  under  conditions  when  the  atmosphere  was  slightly 
turbid, the  following  empirical  formula  was  obtained  for  D: 


D  =  aLP,  (11.38) 


where  a  -  4.5-10-6  and  0  =  1.2,  where  D  was  measured  in 
centimeters  and  L  in  meters.  It  is  noted  in  [766]  that  under 
mist  conditions  and  during  the  day  the  diameter  of  the  beam  can 
increase  several  times  compared  to  its  value  which  is  obtained 
from  formula  (11.38). 

The  relation  between  the  diameter  of  a  focused  beam  and 
the  initial  value  of  the  diameter  was  also  investigated  in 
[766].  During  propagation  in  a  vacuum  these  quantities  are 
inversely  proportional.  Measurements  in  a  turbulent  atmosphere 
has  shown  that  the  diameter  of  the  focused  beam  decreases  as 
a  function  of  the  aperture  diameter  of  the  source  only  up  to 
a  value  of  the  latter  which  is  equal  to  11  cm.  As  the  initial 
diameter  of  the  beam  increases  further,  focusing  no  longer 
improves.  Figure  11.7  shows  the  above  relation  which  was  ob¬ 
tained  from  the  experiment  (top  curve,  the  length  of  vertical 
segments  which  characterize  the  scatter  in  the  experimental 
data)  The  bottom  curve  in  this  diagram  refers  to  the  case  when 
a  focused  beam  is  propagated  in  a  vacuum.  The  slight  rise  in 
the  top  curve  when  the  diameters  of  the  source  aperture  are 
larger  than  11  cm  is  explained  in  [766]  by  an  aberration  of 
the  optical  system. 
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Anepmypa  nspidonwutio  6cn  ^ 

Fig.  11.7.  The  diameter  of  a  focused  beam  vs  its  initial 
diameter  according  to  the  data  in  article  [766] 

Key:  a.  experimental  curve 

b.  ideal  curve 

c.  aperture  of  source  in  cm 

d.  beam  diameter  D  in  cm 


Various  linear  dimensions  of  the  spot  for  the  radiation 
from  a  pulsed  ruby  crystal  laser  were  observed  in  article 
[770]  during  measurements  at  the  same  distance.  Thus,  at  a 
distance  of  10  km  the  linear  dimensions  of  the  beam  cross 
section  fluctuated  approximately  from  0.7  to  2m  in  pulses 
which  followed  one  another  every  45  sec. 

3.  Fluctuations  in  the  Arrival  Angle  of  a  Spatially 
Bounded  Beanu  The'  fluctuations  in  the  arrival  angle  of  the 
radiation  with  the  aid  of  which  the  image  is  formed  in  the 
focal  plane  of  the  objective  cause  the  image  to  shift  and 
spread.  Shifted  images  occur  in  those  cases  when  the  di¬ 
mensions  of  the  nonhomogeneities  caused  by  the  turbulent 
movements  in  the  atmosphere  are  larger  than  the  diameter  of 
the  objective.  Small  scale  nonhomogeneities  displace  in¬ 
dividual  elements  of  the  beam  and  cause  "spreading"  of  the 
image . 

Experimental  studies  of  the  fluctuations  in  the  angle 
of  arrival  of  beams  from  a  gas  laser  propagated  in  the  layer 
of  the  atmosphere  near  the  earth's  surface  were  carried  out  in 
the  author's  laboratory  [756],  The  measurements  were  made  at 
a  distance  of  1.2  km  with  a  gas  laser  based  on  a  mixture 
of  helium  with  neon  (wavelength  6328  A) ,  operating  in  a  con¬ 
tinuous  generating  axial  vibration  mode,  with  a  heat  source 
the  luminescent  body  of  which  was  bounded  by  appropriate 
diaphragms.  The  initial  diameter  of  the  beam  dp  and  its 
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divergence  cp  were  equal  to  2.5  mm  and  110". 


u 


When  a  telescope  was  used  in  which  the  diameter  of  the 
objective  was  d  =  19,  27  and  38  mm,  the  beam  divergence  angle 
was  close  to  the  diffraction  angle  and  equal  to  20"  -  70". 

The  diameter  of  the  receiver  objective  was  equal  to  2.4,  4.8, 
8.0  and  10.0  cm.  The  images  of  the  sources  were  recorded  on 
highly  sensitive  moving  film.  The  time  in  which  the  random 
fluctuations  in  the  position  of  the  image  occurred  was  20  - 
30  sec.  Altogether  96  values  of  the  arrival  angle  were  ob¬ 
tained. 

The  measure  adopted  for  the  vibrations  in  the  source 
was  the  quantity 


(11.39) 


where  Ai  is  the  deviation  in  the  angle  of  arrival  measured 

every  0.2  sec,  n  is  the  number  of  measurements  A^,  and  the 

summation  extends  over  all  deviations  for  a  given  realiza¬ 
tion. 

The  variance  of  the  fluctuations  in  the  angle  of  arrival 
was  calculated  from  the  formula 


(11.40) 


where  x^  is  the  deviation  of  the  image  trace  from  the  mean 

value.  For  each  value  of  th^  beam  diameter  at  the  input 
aperture  the  mean  value  of  a 2  was  determined  as  the  arith- 

*  2 

metic  mean  over  all  realizations.  The  error  in  cr  varied 
approximately  in  the  10  -  20%  range. 

The  distribution  functions  for  the  fluctuations  in  the 
angles  of  arrival  were  determined.  It  turned  out  that  62  out 
of  64  distributions  were  normal  with  values  of  o~  from  0.  8 

cp 

to  10.8  squared  angular  seconds. 
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The  relation  between  the  quantity  or  for  a  non-collimated 

beam  and  the  diameter  of  the  receiver  objective  £L0„  in 

rcc 

centimeters  has  the  form 


(11.41) 


Key:  a.  rec 


The  numerical  values  of  for  each  which  vary  between  limits 

cp  rec 

depend  on  the  meteorological  conditions  during  which  the 
measurements  are  made. 

As  the  initial  diameter  of  the  beam  increases  from  2.5 
to  27  mm  the  variance  of  the  arrival  angle  increases  sharply 
which  is  apparently  connected  to  the  transition  from  a 
spherical  wave  to  a  plane  wave.  A  further  increase  in  the 
beam  diameter  leads  to  a  slight  decrease  in  the  variance  of 
the  fluctuations  of  the  angles  of  arrival. 

During  the  propagation  of  laser  beams  in  the  atmosphere, 
in  addition  to  the  high  frequency  fluctuations  in  the  angles 
of  arrival,  a  slow  shift  of  the  beams  is  observed. 

In  the  work  of  Buck  [766]  a  deviation  of  a  beam  emitted 
from  a  laser  X  ®  6328  A  was  observed  which  reached  a  value  of 
4  m  at  a  distance  of  10  km  in  30  min. 

4.  Studies  of  the  Coherence  of  Laser  Radiation  Propagated 
in  a  Turbulent  A tmosphelre.  A  distortion  in  the  phase  front 
of  the  wave  and  a  redistribution  of  the  intensity  in  the  beam 
cross  section  caused  by  turbulent  motions  in  the  atmosphere 
lead  to  a  deterioration  in  the  space  and  time  coherence  of 
laser  radiation.  The  latter  has  a  considerable  effect  on  the 
efficiency  of  communication  systems  constructed  on  the  basis 
of  optical  heterodyne  oscillators. 

A  quantitative  measure  of  the  radiation  coherence  is  the 
coherence  function,  whose  normalized  value  coincides  with  the 
optical  transfer  function  which  characterizes  the  resolution 
capacity  of  optical  receivers  which  are  used  to  record  the 
images  of  objects  in  the  atmosphere  [750,  856].  The  measure¬ 
ment  of  the  coherence  function  can  provide  a  solution  for  the 
converse  problem,  i.e.,  finding  the  turbulence  parameters  of 
the  atmosphere  on  the  basis  of  these  measurements.  Thus, 
a  study  of  the  coherence  function  of  the  radiation  propagated 
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in  the  atmosphere  is  important  from  an  applied  standpoint. 

When  the  coherence  of  the  radiation  propagated  in  the  at¬ 
mosphere  is  studied  experimentally,  the  interference  picture 
which  arises  when  the  fields  of  the  beam  which  passed  through 
the  layer  of  the  atmosphere  are  superimposed  is  analyzed 
together  with  the  reference  beam.  In  work  on  interferometry 
with  a  large  base  [771-773]  interference  bands  of  finite 
width  are  recorded  b,r  means  of  photographs.  It  is  shown  in  this 
work  that  it  is  possible  to  observe  interference  bands  with 
large  visibility.  V.  I.  Vaytsel  and  S.  S.  Khmelevets  [774] 
developed  an  interference  method  which  makes  it  possible  to 
determine  the  characteristics  of  atmospheric  turbulence  from 
measurements  of  the  coherence  of  optical  radiation.  Data  for 

the  coefficient  were  obtained  on  the  basis  of  this  method. 

n 

The  same  authors  investigated  the  effect  of  atmospheric  tur¬ 
bulence  on  the  resolution  capacity  of  interferei.ee  receivers 
[775]  an*  also  on  the  spectrum  of  the  signal  from  the  photo¬ 
multiplier  in  the  optical  heterodyne  oscillator  [776], 

Studies  of  the  spatial  coherence  of  laser  radiation  and  the 
effect  of  atmospheric  turbulence  on  it  were  carried  out  by 
V.  V.  Pokasov  and  S.  b.  Khmelevepsov  [777,  778].  The  measure¬ 
ments  were  made  in  the  layer  of  the  atmosphere  near  the 
ear+b?’  ,  surface  on  paths  100  and  200  m  long.  Two  methods  were 
used,  the  foundations  for  which  were  developed  in  articles 
[863,  856,  864  and  750 ].  The  results  obtained  from  studies 
of  the  dependence  of  the  coherence  function  on  the  temperature 
gradient  were  in  satisfactory  agreement  with  the  theory.  The 
dependence  of  the  coherence  function  on  the  distance  between 
the  points  in  the  cross  section  of  the- beam  did  not  agree  with 
that  forecast  by  the  theory,  which  ^he  authors  considered 
to  be  a  limitation  of  the  approximation  from  geometrical 
optics  used  in  the  theory. 

Values  of  the  structural  constant  C  of  the  refractive 

n 

index  were  obtained  on  the  basis  of  experimental  data  for  the 
coherence  function  in  article  [777].  The  values  of  Cn  were 

determined  simul caneously  from  raeteo-eleraent  measurements 

at  the  altitudes  20  cm  and  2.0  m.  A  comparison  of  the  values 

of  C  obtained  by  the  two  methods  has  shown  that  the  values 
n 

agree  satisfactorily  for  values  of  the  temperature  gradient 

A7’<0,6°C  .  (an  exception  to  this  is  the  case  AT  =  0,  in  which 
according  to  the  meteodata  Cn  =  0,  and  according  t*>  the  second 

method  C  =  0.008 •  lO^cm-1^) .  When  A7*>0,6°C.  the  values  of- 

C  which  were  determined  from  measurements  of  the  coherence 
n 

function  and  from  the  meteodata  differ  by  a  greater  amount  the 
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larger  the  value  of  AT.  Thus,  when  AT  =  1.0°C,  the  difference 

is  100%,  and  when  AT  =*  2.2°C  it  is  200%.  In  all  cases  when 

the  value  of  C  was  determined  from  the  meteoelement  measure- 
n 

ments,  it  turned  out  to  be  smaller  than  that  obtained  from 
measurements  of  the  coherence  function.  This  means  that  when 
AT>0,6oC»  the  spatial  coherence  of  the  radiation  decreases 

much  faster  than  the  theory  implies.  It  should  be  noted  that 
during  all  measurements  the  wind  velocity  did  not  exceed 
0.2  -  0.?  m/sec. 


SUPPLEMENT  1 

ARDC  MODEL  OF  THE  ATMOSPHERE  FOR  ALTITUDES  FROM 
0  to  30  km  [3] 
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f  larger  the  value  of  AT.  Thus,  when  AT  =  1.0°C,  the  difference 

■  '  '  is  100%,  and  when  AT  »  2.2°C  it  is  200%.  In  all  cases  when 

i  the  value  of  C  was  determined  from  the  meteoelement  measure- 

n 

ments,  it  turned  out  to  be  smaller  than  that  obtained  from 
measurements  of  the  coherence  function.  This  means  that  when 
AT>0,6°C»  the  spatial  coherence  of  the  radiation  decreases 

much  faster  than  the  theory  implies.  It  should  be  noted  that 
during  all  measurements  the  wind  velocity  did  not  exceed 
0.2  -  0.?  m/sec. 
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0  to  30  km  [3] 
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ALTITUDE  OF  ISOBAR  SURFACES  IN  THE  LAYER  FROM  25  to 
100  KM,  GEOPOTENTIAL  KILOMETERS  [3] 
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3.  THE  TEMPERATURE  IN  THE  LAYER  OF  THE  ATMOSPHERE  FROM 
25  to  100  km,  °K  [3] 
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0,133-10-* 

188 

6470 

1,55 

14,6 

0,179-10-* 

189 

6570 

1,52 

17,6 

0,213-10** 

190 

6660 

1,50 

21,8 

0,253- 10-* 

191 

6770 

1,48 

28,5 

0,335- 10-* 

192 

6690 

1,43 

30;9 

0,352-10-* 

193 

7100 

1,41 

24,0 

0,269-10-* 

194 

7210 

1,39 

14,5 

0,160-10-* 

195 

7275 

1,37 

6,91 

0,756; 10-« 

196 

7420 

1,35 

3,33 

0,347-10-4 

197 

7540 

1,33 

2,21 

0,233-10-« 

198 

7670 

1,30 

1,62 

0,169-10-4 

199 

7800 

1,28 

1,33 

0,136-10-4 

200 

7920 

1,26 

1,33 

0,133-10-4 

201 

8060 

1,24 

1,38 

0,136-l0-» 

202 

8180 

1,22 

1,44 

0,141-lQ"* 

203 

8320 

1,20 

1,49 

0,143-10-* 

204 

8460 

1,18 

1,48 

0,139,10-4 

205 

8600 

1,16 

'  1.41 

0,131-l0-‘ 

206 

8760 

1,14 

.  M3 

0,102-10-* 

207 

8900 

1,12 

0,423 

0,378-10-* 

208 

9040 

1.11 

0,242 

0,212-10-* 

209 

9190 

1,09 

0,190 

0,176-10-* 

210 

9350 

1,07 

0,161 

0,137-10'* 

211 

9500 

1,05 

0,187 

0,156-10-* 

Key:  a. 


b. 


serial  number 
cm-'1' 


472- 


1.310 

1.311 

1.312 

1.313 

1.313 

1.314 

1.314 
'.,315 

1.315 

1.316 

1.316 

1.317 

1.317 

1.318 

1.319 


4a 

Continued 


*  n/n 

rX“ 

V.  CM-i 

»« 

b 

a,  cm- i 

H 

1  - 

212 

9660 

1,04 

0,24  3 

0, 199. 10-* 

1,320 

213 

9800 

1,02 

0.321 

0,260-10-* 

214 

9950 

1,01 

0,402 

0,322.10-* 

1,321 

215 

10100 

0,99 

0,508 

0,401 -10-* 

216 

10200 

0,98 

0,522 

0,408-10-* 

0,323 

217 

10350 

0,97 

0,456 

0,352-10-* 

218 

10450 

0,96 

0,363 

0,277-10-* 

1,325- 

219 

10650 

0,94 

0,221 

0,165.10-* 

220 

10800 

0,93 

0,171 

0.I26-10-* 

1,326 

221 

10900 

0,92 

0,121  , 

0,88.10-* 

222 

11000 

0,91 

0,853.10“* 

0,62.10-* 

1,327 

223 

11200 

0,89 

0.749.10-' 

0,53.10-* 

224 

11300 

0,88 

0,673.10"' 

0,47.10-* 

1,329 

225 

11450 

0,87 

0,606.10-' 

0,42.10-* 

226 

11600 

0,86 

0,563.10-' 

0,39-10-* 

1,330 

227 

11700 

0,85 

0,533.10-' 

0,36.10-* 

228 

11820 

0,85 

0,510- 10~4 

0,34.10'* 

1,331 

229 

11950 

0,84 

0,466.10*' 

0,31-10-* 

230 

12100 

0,83 

0,386- !0‘‘ 

0,25- I0-* 

1,331 

231 

12150 

0  82 

0.30G. 10"' 

0,20.10-* 

232 

12300 

0,82 

0,250-10-' 

0,16.10-* 

233 

12400 

0,81 

0,248.10-' 

0,16.10-* 

234 

12550 

0,80 

0.24M0-' 

0,15.10'* 

1,333 

235 

12650 

0,79 

0,263.10-' 

0,17.10-* 

236 

12800 

0,78 

0.287- 10-' 

0,18.10-* 

?37 

12900 

0,78 

0,300.10-' 

0,19.10-* 

238 

13000 

0,77 

0,312.10-' 

0,19.10-* 

1,333 

239 

13150 

0,76 

0,318.10-' 

0J9-I0-* 

240 

13300 

0,75 

0.3I9.10"! 

0,19- I0-* 

241 

13450 

0,74 

0. 312-10-1 

0,18.10-* 

1,333 

242 

13550 

0,74 

0,295-10-' 

0,17.10-* 

243 

13650 

0,73 

0,226.10-' 

0,13.10-* 

244 

13800 

0,72 

0,159.10-' 

0,92-10-* 

245 

13850 

0,72 

0,131-10-1 

0,75.10-* 

246 

14000 

0,71 

0,100.10-1 

0,57.10-* 

1,333 

247 

14100 

0,71 

0,86-10-* 

0,49.10-* 

248 

14300 

0.70 

0,73.10-* 

0,47.10-1 

249 

14300 

0,70 

0,68-10-* 

0,38- 10-1 

250 

14500 

0,70 

0,62.10'* 

0,34.10-1 

1,333 

251 

14600 

0,68 

0,60.10-* 

0,33.10-1 

252 

14750 

0,68 

0,68-10-* 

0,37.10-» 

1,332 

253 

14900 

0,67 

0,59- 10~a 

0,32.10-1 

254 

14950 

0,67 

0,56-10-* 

0,30.10-» 

1,332 

255 

15100 

0,662 

0,57- 10-* 

0,30.10-1 

256 

15200 

0,644 

0,55. 10-* 

0,29-10-1 

257 

16300 

0,653 

0,55.10-* 

0,29-10-7 

258 

15400 

0,649 

0,52.10'* 

0,27-10-1 

Key:  a.  serial  number 

.  -1 

b.  cm 


-473- 


Continued 


aj  St 

Vn/n 

•X.  4 

•  b 

a, 

K 

ft 

259 

,15500 

0,645 

0,54-10-* 

0,28-10-* 

15GOO 

0.G41 

0,52-10-* 

0,27-10-» 

1,3318 

2G1 

15700 

0,636 

0,52-10-* 

0,26-10-* 

2G2 

15800 

0,632 

0,49-10-* 

0,25-10-* 

263 

15850 

0,630 

0,50-10-* 

0,25-10-* 

1,3314 

2G4 

10000 

0,625 

0,48-10** 

0,24-10-* 

2G5  ’ 

16030 ' 

0,623 

0,51-10-* 

0,25-10-* 

2G6 

16200 

0,617 

0,51-10-* 

0,25-10-* 

267  ' 

16250 

0,615 

0,50-10-* 

0,25-10-’ 

1,3314 

2G8 

10350 

0,611 

0,50-10-* 

0,24-10-’ 

209 

16450 

0,607 

0,49-10-* 

0,24-10-* 

270 

16500 

0,606 

0,45-10-* 

0, 22-10"* 

1,3314 

271 

16700 

0,598 

0,43-10-* 

0,21-10-’ 

272 

16900 

0,591 

0,39-10-* 

0,18-10-* 

273 

17050 

0,586 

0,37-10-* 

0,17-10-* 

274 

17200 

0,581 

0,36-10-* 

0,17-10-’ 

275 

17400 

0,574 

0,39-10-* 

0,18-10-’ 

1,3314 

276 

17550 

0,569 

0,39-10-* 

0,18-10-*  ■ 

277  . 

17650 

0,566 

0,39- 10-* 

0.18-10-* 

278 

17900 

0,558 

0,36-10-* 

0,16-10-’ 

279 

18100 

0,552 

0,39-10-* 

0,17-10-* 

280 

18300 

0,546 

0,41-10-* 

0,18-10-* 

1,3314 

T 


Key: 


a-  serial  number 
b.  cm-* 
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